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FOREWORD

This 1s the final report of a study made under Contract NAS 3~2483 for
NASA ~ Lewis Research Center, Cleveland, Ohio. Mr. Harold Sclimidt at Lewis
Research Center was technical monitor for the study. The report presents

results of work performed during the 14 month period, August 1980 through
September 1981,

The Lockheed-California Company was the prime contractor to NASA and the
work was performed in the Comuercial Advanced Design Division at Burbank,
California. Important segments of the work which required special expertise
were subcontracted to the Thermal Sciences Laboratory at Lockheed Missiles and
Space Company, Inc., Palo Alto, Ca'ifornia, and to the Visibility Research
Center of the John Muir Institute, University of Nevada, Las Vegas, Nevada.
The following individuals were principal contributors.

Lockheed-California Company

G. Daniel Brewer - Study Manager
E .sard F. Versaw -.Fuel Systems
Gil Wittlin ~ Crash Dynamics

Lockheed Missiles and Space Co., Inc.

Richard Farmley - Coordinator
Richard Cima ~ Near Field Analysis and Heat Transfer

John Muir Institute

Dr. Eric G. Walther - Atmospheric Dispersion
br. John Sanders

Dr. Dennis Weber

Dr. Michael D, Williams
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ASHESHMENY 0)F CRASH FIRE
HAZARDL OF LH2 FUELED ATRCRAMY

Gy Brewer, G, Wittldn, E.F. Vorsaw
K. Parmley®*, R. Cima®, .G, Walthert

SUMMARY

Liquid hydrogen (Luz) s a primavy candidate fuel for future transport
atveraft. Studics performed for NASA have shown dts advantages in almost
every category of comparison, Accovdiugly, when the international air transe
port industry Is forced to turn to an alternative for conventional petroleum-
base Jet A for rcasons of elther price or availability, or both, LH2 is ox-
pected to be a leading contender,

In the meantime, there is much technology development which should pro-
ceed in order that, when the time for a decision ie at hand, the decision
regarding the choice of fuel for the industry can be made on a credible basis,
giving full consideration to all the factors which are important. One of the
factors about which there is a serious lack of credible data is safety. How
safe 1s liquid hydrogen compared to other fuels? What special precautions
should be taken in design to accommodate it properly? In event of a crash
in which passengers and crew survive the impact, would t*-y be exposed to
more or less hazard from fire or explosion if Lﬂz is the fuel, rather than
other fuelg? - how about surrounding areas? What studies and experiments
should be performed to resolve such issues?

The subject study was performed to determine answers to these questions.
Four scenarios describing situations involving fuel spills which can and do
arise in commercial transport aircraft were studied to determine the hazard
to airplane passengers and sur.oundings posed by LH2 if it is employed as the
aircraft fuel. The findings were then cumpared with results derived for liquid
methane (I&Ha). aviation grade kerosine (Jet A), and wide-cut pasoline (JP-4),

*Lockheed Migsile and Space Company, Inc.
tJohn Muir Institute
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In summary, on the baals of the pnalyels porformed, LII2 wii Tound Lo he a
a anfer fuel than any of the other candidaten, The pantengers on board,. and
people and property in che fumediate surroundings, would both b prpatied to
lans hazard 1f a crashed alreraft were fueled with LH2.
hie resulta from three Tundamental conslderat lons: (A I.H2 tanks are
Lesa apt to suffor damage resultiong in spilled fuel; [f spilled, LH2 vapordzen,
becomes buoyant, aud dissaipates Into the atmasphere so rapidly {0 mindmizes
the hazard; finally, 1f the vapor cloud lg fpndted, the size and duration of

a fire from spilled LHZ are both significantly less than with any other fuel.
LH2 tanks are considered less apt to be damaged because

1)  being mounted in tho fuselage, LH, tanks oxpose a far smaller
dimension to frontal impact, compired with conventional! fuel which
1g stored in the wing and occuples nearly the entire span,

2) they are designed to withstand a sipnificantly hipher pressure than
the rest of the fuselape and are thercfore less apt to be the point "
of failure in a survivable crash,

In the event a tank is ruptured and there is a large spill of fuel, LH2
does not spread as far as other fuels, it cvaporates in much shorter time,
Lecomes buoyant almost immediately, and finally, rises and dissipates into

the atmogphere so rapidly that very little hazard is presented to surroundings
outside the immediate area of the crash, For axample, the following results
were calculated for a survivable crash situation Involving spillage of nearly

half the fuel load of aircraft designed to carry 400 passengers 10,190 km
(5500 n.mi.):

Vapor {loud

Quantity é;g:ig T:re Start to Rige Dissipated
Fuel Spilled  Radius Vaporize| Time Distance| Time Distance lHeipht
(kg) (m) () (s) (m) (%) () (m)
LH2 12,600 35 32 12 1.0 146 411 575
I.(:ll4 34,398 6] 117 1,560 624 1,624 713 72
JP-4 42,210 143 785 Does not rise 111,736 6,816 0
Jet A 42,210 331 * * *

*The vapor pressure of Jet A {s neg high enough at standard atmospherd
conditions to form a combustible mixture with the atmosphere,




Finally, in event the apilled fue) ia ignited, the duration of the rn,
fire would bhe so brief it would not heat the fusclape to the point af callapae
a8 would be the casne with the other fuela, se the passengers would he safe 16
they stay in thedr seats until the fuel-fed fire is burned out., For example,

In the atreraft erash situation fust eiced, the reswleing Clve will burn Ltaelf

out in about 22 geconds in the case of LH2. veruus appraxinately 43 seconds
for LCHk. mave than 10 ndnutes for JP-4, aud even lonper for Jet A,

The subject study represents a preliminary Inventlgation, The findings
look very favorable for hydropon, Howovaer, 1t must be recoguized that there
are many other cuses and clreumstances to be analyzed, the tools for analysls
need to be improved, and cxperimental testing must be performed to establish
4 bayls for validation of the computer model results Lefore complete and final
conclusions can bo reached.
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SYMUOLE AND UNITH

copatant

area of puf{ through which aly iy entrained (mz)

area of ligquid pool (mz)

constant

specific heat capacity of afr at constant pressure (cal/gK)
specific heat capacity of gaseous fucl at constant pressure (cal/gK)
apeeific heat capacity of puff at constant pressuve (cal/gK)
length parameter defining surface roughness (m)

vapor pressure of water (mb)

saturation water vapor pressure in the puff (mb)

evaporation rate of liquid fuel (m/e)

Fanning friction factor for open chuﬁnel flow

Froude number of the liquid flow

acceleration of gravity (m/sz)

enthalpy of air entrained during one time increment {cal)
enthalpy of puff at start of a time increment (cal)

latent heat of vaporization (kW scc/kg)

length of puff in downwind direction (m)

crosswind {cross runway) width of puff (m)

latent heat of water vapor condensation (cal/kg)

latent heat of fusion of liquid water (cal/kg)

maximum rate of vaporization fron the liquid spread (kg/sec)
mass of air entrained during one time increment (g)

maximum mass rate of vaporization per unit spill length (kg/scc+M)
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c

mags of fuel in puff (g)

masn of pulf at ataxt of vime increment (g)

wuih of water entraidned durdng one time inervement (g)
maas flowrate of alr (kg/nee)

many floweate of fuel vapor (kg/oee)

molecular weipght of fuel vapor or alr

molecular wedght of air (g/nole)

molecular welpht of fuel (g/mole)

molecular weipght of puff mixture (g/mole)

molecular wedght of water (g/mole)

Maunings roughness coetfictent

atmospheric pressure (dynes en” 4y

exponent of hedpht ratio in wind spead profile (=)
total volume of the liquid spilled (m3)

volume rate of the liquii spill (ma/s)

volume of liquid spill per unit of spill centerline length (m3/m)
convective heat flux from flames (RW/mz)

incident radiation heat flur from flames (kw/mz)
absorbed radiation heat flux from flames (kW/mz)
heat rate per unit area to the solid surface (kN/mz)
puff radlus (m)

maximum radius of the spread from the center (m)
universal gas constant (erg/mole K)

Reynolds number of the flow

time elapsed since start of vaporization from l1iquid (seconds)
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= time te maximum axial spread (s)

= time inerement (a)

= temperature of air (K}

= {lame temperature (K)

= puff temperature at start of time increment (K)

= intermediate puff tomperature after balancing senaible heat
transfar (K)

= intermediate puff temperature after condensing water vapor (XK)
= intermediate puff temperature after freezing water droplets (K)

“ intermediate puff temperature after any melting of ice crystals
and re~evaporation of water droplets (K)

m wind speed (m/s)

» horizontal downwind speed of puff (m/s)
= entrainment speed (m/s)

= first term of entrainment speed (m/s)

= gecond term of entrainment speed (m/s)

= alrcraft velocity along spill line (m/s)

= volumetric flowrate of air at atmospheric temperature and
pressure (m3/s)

= mean horizontal velocity of the liquid flow (m/s)
= volume of puff (m3)
» volume of puff at end of time increment (ma)

= volumetric flowrate of fuel at atmospheric temperature and
pressure (m3/g)

= initial puff volume (m3)
= volume of air entrained during one time interval (m3)
= rate of fall of still liquid surface (m/s)

= vertical puff speed (m/s)

SR |



2z
P
Az
P

1-1

exial distance from the center of the gpill line (m)
maximum balf axial apread, from 4pill centerline (m)
downwind distance of puff from origiw (m)

change 1in downwind displacement (m)

minimum combustible mole fraction of fuel in the air
height of puff above ground (m)

reference height for wind speed profile (m)

height of puff above ground (m)

puff thickness in vertical direction (m)

lapse rate of temperature in the atmosphere (K/m)
liquid flow depth {(m)

affective flame emissivity

density of air at height of puff (g/ms)

density of gaseous fuel at 1 atmosphere pressure and boiling
point (g/m3)

density of liquid fuel (g/ma)
density of puff (B/ma)
wave velocity (m/s)

liquid viscosity (kg/s m)
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SECTION 1

INTRODUCTION

This 1s the final report of a study performed for NASA-Lewis Research
Center to assess the hazard posed by liquid hydrogen when used as fuel in
commercial transport aircraft. In addition to liquid hydrogen (LHz). the
hazards presented by three other fuels were alsc calculated for comparison.
The other fuels were liquid methane (LCHA). Jet A (aviation grade kerosine
currently used in commercial transport aircraft), and JP-4 (the widecut
gasoline used as jet fuel by the Air Force).

Four specific scenarios or descriptions of incidents leading to spilled
fuel were specified by NASA to serve as a basis for the safety analysis. The
incidents ranged from a very small leak such as might result from a crack in
a faulty weld on a fuel line or tank, to a catastrophic crash which would
cause simultaneous rupture of all the fuel tanks on board the aircraft.

The study was initiated because LH2 is a candidate fuel to be used when
Jet A, produced from crude oil, is no longer available to the world trangport
fleets on an economically acceptable basis. Previous studies conducted for
NASA have shown numerous advantages which can be gained by using LH21'2’3'4.
These include

e Global availability. It can be made from a renewable resource, water,

using any source of energy which might be locally available. Fossil
resources are not required.

e Pollution. Its major product of combustion is water vapor. It emits

none of the noxious effluents of carbon-containing fuels save a mini-
mum amount of NOx.

® Noise. Because they are lighter and therefore can use smaller engines,

LHy-fueled aircraft would be about half as objectionable to airport
neighbors,
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Energy. Coal 18 aun example of an energy resource which can be used
to produce any of the alternate fuels, Fewer tons of coal would be
required te produce the fuel used by aireraft to fly thedr design
misslons 1F LH2 16 che fuel,

Direct Operating Cost. IMy~fueled aircraft can be competitive in DOC
using current fuel preduction technology??. Jith advanced processes,

LHy can be produced from coal and water at costs which offer signifi-
cant advantage.

The relative safety of LH2 has been subject to question, The present
study is an important step toward establishing a sound basis for judgement
on this matter. In addition to providing a preliminary answer to the question
of how LH2 compares with the other fuels in terms of crash safety, 1t also
provides suggestions for additional analyses and experiments which are con-

sidered necessary for final resolution of the problem.




SECTLON 2

TECHNICAL AUPROACH

2.1 Study Team Organization and Work Plan

The study team consisted of representatives frow three companies selected
to provide expertise in the diverse technology areas needed to perform this

study effectively and efficiently,

The Lockheed-California Company wuas the prime contractor to NASA and
managed the study. LCC also reviewed transport aircraft accident data fiom
various sources to derive a basis for establishing what would constitute
credible damage associated with each of the crash scenarios specified by NASA.
These damage assessments were then considered in conjunction with aircraft
designed for each of the subject fuels to specify typical fuel spill rates

and quantities for each scenario.

Under subcontract to LCC the Thermal Sciences Laboratory of Lockheed
Missiles and Space Company, Inc. (LMSC) was responsible for analyzing the
hazard resulting from spill of the liquid fr-is. A computer model was created
by Mr. Richard Cima to characterize the spreading and vaporization of volatile
liquid spilled in both a radial and an axial pattern. Jhe latter represcnted
the spill situation where, for examp.e, an alrcraft strikes an obstacle during
a landing shortly after touchdown and spills fuel during deceleration to a
stop. A radial spill pattern would be produced when impact with an obstacle
stops the aircraft immediately,

The geometry and mixing characteristics of the cloud of vaporized fuel
as it disperses into the atmosphere were modeled by Dr. kric Walther and co-
workers at John Muir Institute. The geometry of the cloud, the profile of
the flammable mixture within it, and the path followed by the dispersing cloud

under various atmospheric conditions were needed to provide information about

10




the extent and duration of the exposure to hazard of the aircraft passengers
and the area surroanding the crash scene, lor example, the time-history of
the geometry and location of the flammable mixture within the dispersing cloud
provided information about the poiential size of {ire which might result if
the cloud were ignited at various times.

Another type of hazard which was explored by LMSC related to the problem
of how to handle a small leak of fuel into an internal cavity in the airplane.
There is the poseibility that if such a leak occurs, an explosive mixture
could develop and a detonation result, The problem was resolved by determin-
ing, for various gsize leaks, the quantity of air flow required to assure that
a flammable mixture could not develop in the compartment as a whole. A

flammable mixture will always exist locally at the leak source of course,

Finally, hazard to passengers inside the aircraft cabin was evaluated for
the case where the outside of the fuselage is exposed to flames from burning

fuel spilled as a result of one of the survivable crash scenarios.

2.2 Study Guidelines

The objectives of the study were:

® To assess the hazards associated with non-normal and crash landings,
failed takeoffs, and ground accidents ivvolving turbine-powered air-
craft fueled with liquid hydrogen (LHZL

¢ To compare LHj-fueled aircraft with similar designs fueled with liquid
methane, Jet A, and JP-4, on the basis of:

- Post-crash fuel system damage
- Potential deflagration and detonation hazard

- Survivability potential for persons in and adjacent to the damaged
aircraft

¢ To formulate a program of research and testing found to be needed to
fil: technological gaps.

The hazards associated with LH2 were to be evaluated and compared with
those from liquid methane (LCHA). Jet A, and JP-4 in connection with the
following accident scenarios:

11
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A non-normal landing or ground accldent which results in fuel asyatem
insulation damage and/or fuel system damage permitting liquid hydro-
gen to vent, edenpe, leak or run out of a punctured tank or Lroken

1 1“(‘. [

A survivable crash landing or falled takeoff where damage to fuel
tankage or lines results in wmassive release of liquid hydrogen aftaer
the afrcraft has come to rest.

A survivable crash landing or failed takeoff where damage to fuel
tankage or llnes results in massive relcease of liquid hydrogen upon
impact and during aireraft deceleration.

A nonsurvivable or catastrophic crash resulting in the maximum rate
of energy release in the form of a conflagration and/or explosion.
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BECTION 3

INPUT DATA

In this section, data required as input to perform the crash hazard
analyses of each of the four fuels in the situations specified by NASA ware
presenced.  In turn, subscctions present data on pertinent praperties of cach
of the fuels; results arc described of previous experiments with LH2 and LCll4
which were performed to asscss some of their safety-related characteristics;
typical designs of transport aircraft for each of the fuels are described
which were used as a basls for establishing damage likely to result from the
specified crashes; results of study of aircraft accident records are reported;
and finally, the damage selected as representative of that likely to occur to
the specified aircraft in the subject crash scenarios is described, along

with resulting fuel spill rates and quantities. These fuel spill data are

used in work described in subsequent sections in evaluation of the congequences

of the spills,

3.1 TFuel Characteristics

A number of properties of the four fuels considered during this study
arc presented in table 1. The properties selected for presentation include
some which are of general interest in comparing fuels for the aircraft appli-
cation; most are properties which were involved in the analysis of hazards
associated with spills resulting from the kind of aircraft crashes postulated
for this study.

As noted on the table, the properties of the cryogenic fuels, LH2 and
LCHA. were t:ken from reference 5, a recent compilation by the Center for
Chemical Engiaeering at the National Bureau of Standards in Boulder, Colorado.
The data for Jet A and JP-4 were primarily derived from the respective gpeci~

fications for the two fuels, references 6 and 7, except as noted in the table.

13

Sy

s pok it

Cod



[ LN )

TABLE 1, ~ SELECTED PROPERTIES OF FUELS

Nominal Compasition

Malecular Weight

Heat of Combustion llaw), k Jg
Liguid Danity, m’cma at 283 K
Bolling Point, K {at 1 Atmosphera)
Fraezing Point, K

Specific Heat®, J/g K

Heat of Veparization, J/g
{at 1 Atmogphere)

Vapor Pressure, kPa

Diffusion Vel. in NTP Air, cmfs
Buoyant Vel. in NTP Air, m/s
Flammability Limits in Air, Vol, %

Vaparization Rate W/0 Burning,
cm/min {From Liguid Pool)

Min. Ignition Energy in Air, mJ
Autaignition Temp., K

Rata of Liquid Lowering of
Burning Pool, em/min

Burning Vel. in NTP Air, cm/s

Flame Temp in Air (Stoichiometric), K

Thermal Energy Radiated to
Surrgundings %

Detonability Limits in Air, Vol %

Hydragan (6) Mathane ) dut A (6) dp-4 Y
Hy £, Clly g3 Lty g3
2.016 16,04 ~ 1688 ~ 11248}
120 60.0 42.8 42.8
0.071° 0.423¢ ~ 0,811 ~0.774
20.27 12 440 to 539 343 10 619
14.4 91 233 215
9.69 350 108 2,049
446 610 3609 24419

- - - 8
<200 <051 <017 <0.17
1.2t0) 0816 Non Buoyant Non Buoyant
4.0 to 75.0 5.3 to 15.0 0.6104.799 0810 5.8
2.6 0 5.0 0.05 t0 0.5 N/A 0.005 to 0.02
0.02 0.29 0.2510) 025110
858 813 ~500 500
310 6.6 0.3101.2 0.17'%) 0.201%
266 1o 326 37 to 45 18110} 31110
2318 2148 220010} 2200410
1710 25 23 to 33 30 t0 42 30 to 42
18.3 t0 59.0 6.30 136 N/A 111033

R

*At Normal Botling Point

NTP = Normal Temparature and Pressurs
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3.2 Previous Safery Experiments

There 18 a surprisingly meagor hiatr 'y of well-ovganized, aclentifically
executed safety experiments conducted with either LH2 or TCH, to cstabliuh
the pature and extent of hazards asseciated with Large Inntantancous apills,
or long duration spills of sizable quintities,

A search was made for experimental evidence to boe used for validation of
the analytical models created for uge in the subjeet study. 1In the limited
time available, the following four sources were found to provide the most
useful Iinformation:

¢ Testing performed by the Advanced Development Projects Organization
at Lockheed-California Company in 1956-57(11)

This very early work at Lockheed's "Skunk Works" included a series of
testy to determine the detonability of L"Z' Although the tests invelved only
small quantities of LH2, they were informative in establighing that LH? would
not detonate, even when s0lid oxygen was immersed in the liquid hydrogen,

unless a strong explosive charge was used as an Initiator,

In the series of experiments LH2 contained in a thermos bottle was sub-
jected to heavy impact 61 times. Ignition never occurred as a result of the
impact alone. When a squib or a hot wire was employed to ignite che hydrogen
vapor fcllowing smashing of the thermos bottle by a heavy weight, very little
overpressure was measured, Indicating deflagration without detonation. Da-

tonation occurred in two tests, both in cases wherc oxygen was deliberately

mixed with the LH2.

e Spill tests performed by Arthur D. Little, Inc. for the Alr Force
in 1958(12),
This test program was designed to simulate a sat of conditions which might be
encountered in storage or transpert of large quantities of LH2. with the ob-
Jective of establishing a basis for realistic quantity-distance relationships

and safe-handling procedures. The tests included spills of meveral gquantities

“of LH2 ranging in size from 5 liters to 5000 gallons to study the magnitude

of the hazards involved. $pill tests of some bydrocarben fuels were also

made for comparison purposes. Once again it was demonstrated that hydrogen

15




will not ignite from impact, cither from bullets hedng fired through the

contalner or from the contalner being smashed, and that, unlesn confined on

at least three sides, 1t wlll net detonate when igniced,

The compariseon tests with hydrocarbon fuclo demonstraced the difference

in burning charactevistics, Spilla of 32 gallons of cach of the fuels pro-

duced the following results:

Fuel Buration of Fire
LH2 27 secouds
Propana 4 minutes
Gagoline ~ 5 minutes
JP~=4 =7 minutes

Radiation measurements of the hydrogen flame indicated a maximum emlasivity

of 0.085, compared with a value of about 1.0 for the hydrocarboun fuels.

Following are conclusions taken from reference 12 which are consildered

pertinent to the subject study:

1. Detonation effects of a large~scale spill - There was no evidence
to substantiate the premisdﬁﬁhat the mixture of hydrogen and air
formed by the sudden release of liquid hydrogen will detonate when
ignited by a spark.

a.

b.

16

1n no spill did the resulting vapor cloud detonate.

In all tests (in which an ignition source was provided), the
pressure effects of the resulting fireball were negligible
except where there was semi-conflnement of the gases,

Transition from deflagration to detonation requires a significant
pressure buildup.

Detonatlon of a perfect stoichiometric mixture of hydrogen and
air took place only when initinted by a strong detonator.

It is probable that a perfect wmixture of hydrogen and air will
not occur.




2o Doflagration effects of large--geale Viquid-hydrogen release - The

f uzards assoclated with tive ocewrving after the relaane of biquid
hyvdrogen vary accordlng to the Limdva asd daracdion of the {Yapceu,

o Defluprat lon eifeern are conadderably Jonn (5 Lgndt low oeeurn
Tmmedtately upon Liguld releaae . pdefal Cireball glee nevenues
greatly with delayed Tpnlt len,

b Inald lavge spddle of hydrogeun, the dugat lon of the leeball
winlld he o briet that meral struetures would suffes no wipgultje
cant dianpey howevor, combunt e materials would probalily be
lpndted aud personne! within the fireball would boe severely
buraed,

r ¢, Alter divsdpatdicn of the initial Flreball, flames would be con-
b fined to a repgdon directly over the diked arca, Lbut could extioend
150 ft duto the aflr,

3. lydvogen hazivds as compared to those of hydrocurbons - The hazards
associated with the handlilog and etorvage of 1iguid hydrogen are less
than those encountered with petroloum fuels,

. Liguid hydrogen evaporates much more rapidly.  (When a Elame was

_ proseunt, & pool of hydrogen vaporized in 1/20 to 1/50 the vime
] required to evaporate a gasoline orx propanc pool of equal depth,)

b, The flame from combustion of liquid hydrogen radiates less than
1/10 the energy per unit flame arca emitted by the hydrocarbon
fuela (emissivity of the hydrogen <0,1; emissivity of a hydro-
carbon =1),

c. The high evaporation rate and low heat transfer from flame to
liquid pool make che probability of boil-over (i.e., the super-

heating of a large mass of liquid until a sudden flashing to
vapor by a sizable portion of the mass occursg) improbable with
liquid hydrogen.

4. Effects of storage-tank rupture = In cases where rupture of a storage
tank 18 caused by a pressure buildup in excess of the capacity cf

; the pressure-rel ieving device, an fire may be caused by the tearing

| of the metal at the time of rupture.

e Spill tests of an performed by NASA at White Sands Test Facilicy,
| New Mexico, during 1080(13),
l These consisted of seven spills, six approximately 5.7 m3 (1500 gallons) of
LHZ' the seventh was about 2.7 ma. No ignition was planned and none occurred,
The objectives were to determine the time required for evaporation of the Lﬂz
and to study the path of the gaseous hydrogen as it dissipated in the
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atmorphiere,  Preliwminary daca, supplamanted by movie and st111 photographa
l thowing the movement of the elond of waler vapor formed an the paseons ivdrogen
, dlggipated, provided a banis for validating the mathematical wmodel of pwel an
\ svent developed for the sabject atudy,
‘ o Hnll) o tests of Tlguld pacural gas ONGY condueted by Lawrenes Liverionrg

Nat lonal Laboratory Lfor bepartment ot Enerpy ot Clhilna Lake (14),

Lawrancn Ldvermore Natlonal Laboratory (LIRL) I condueting an extonnlve

serdies of wpdll voses with ING wider contract Lo the Department ol Diwagy

g

(DOE) .  The purpose of the work iu to determine expey lmentadly how ING dissd~
w pates in the atmosgphere, and then to represent the oceurrence with o mathe

matleal model, The objective is to provide DOE with the capability of predicte

ing the huzard to surrounding arcas in the event lavge quantitios of LNG are

spilled. Since natural gas 18 generally at least 85 percent methane the re-

TeoT————————y N

gults of LLNL's test program were of interest iu determining the volidity of
the atmospheric dispersion computer model created by John Mudr fustitute for

the subject program,

Two series of LNG spills have been conducted by LLNL at China Luke,

California; an initial secries used 5 m3 in each gpill, a later series in-

g T o . .—

volved nine spills of approximately 28 m3 (roughly 7400 gal.) cach. The

tendency of the visible cloud associsted with vaporized LNG to remain non-

Te——

buoyant for extended periods compared to the relatively rapid rise of the
cloud resulting from a LH2 spill as observed in the NASA experiments provided

confirmation of data calculated by the subject atmospheric dispersion model,

T W W

These four experimental programs were helpful {n providing information
which was of use in carrying out the evaluaticus in this study. However, it
is obvious much more experimental testing should be done to provide authentica-
tion of the analytical conclusions presented herein. Scction 7 of this report

suggests a number of examples,

3.3 Afrceraft Design Characleristics

During previous studies for NASA(4), Tockheed establ ished preferred do-

signs of atrcraft fueled with an. LCHa. and Jet A, respectively, for a serfes
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of missdona, Alvevafe designed fov one of those wisslons were seloeted to
The mianlon selected wian Lo carry 400 padnengern, plas appropy bnle cargo, n
deadgy rauge of 10,190 kaw (5500 n.wml.), at o nemlaad eradse speed of Macl 0,84,

Some charaeter titden of the advervait designed Tor cach of the npeeifiod
fuels to accomplah thly wliondon are showr Tu table 2. Beewsne of the wlmd-
lavity of the hentdep valuen and phyoleal properties of Jdot A aud 04 JL was
assumed, for purposces of thls study, that the charvacterdosticns Listed tor the

Jot A~fueled adrerafc aluo represent the P-4 denlghn.

TABLE 2. -~ CHARACTLERIETICS QI 1.112. LCH, , JET A, AND JP-4 FUELLD

SUBSONIC TRANSLORLS 4!

{400 Passenger, 10,190 km (5500 n.mi.}, Mach 0.85) .

|

Liguid Hydrogon Liguid Muthang T dut A and J-4 7 |

Gross Weight ky {lu) 160,740 (372,000) 225,68ﬁ (497.300] | 232,060  (511,600) |
Total Fuel Weight ky {in) 26,600  {46,460) 69,040 (152,200 84,780 (186,900
Black Fuel Weight kg {iu) 2,620  {47,670) 58,000 (130,030} 72,360 (159,500
Oparating Empty Waight kg {it) 103,300 (227,760} 116,170 (266,120 167,360 (236,700)

Wing Area m? i) 2067 (3996) | 3850  (a144) | 3002  (4000)

Span m (fe} 51.8 {170.0) 55.8 (193.1} b8.5 (192.0) i
Fuselege Length m (ft} 66.7 {216.6) 614 (201.3) 0.0 (197.0)
Fusglage Digmeter m (fe) 6.63 {21.75) 6.10 (20.0) 6.84 (19.17)
Thrust Per Englne N ] 136,000 (30,360} 171,030 (39,800) 185,030  (41,600)

Specitic Fuel g e |

Cunsumption (Cruise) 1 0.0208 0.202 0.0t04 0.494 0.061% 0.803 .

L/D (Cruise) - 174 19.1 19.13 I

Tokeoff Fisld Length ~ m f 240 aos | 230 w3 | a3 7878 I

Approsch Speed miwec  kis Mo 138 86.5 129 86.3 127 !

Data from Referance 4 B ‘

Berve as o basils for the eranh Ciyve hazard couparison of the present sihady,
3
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The geometry and general arvangemoent of the three alreraft deslgne are
11lustrated dun figures 1, 2, and 3, It will be noted that the tanks for the
ecryopenieally~fueled alverafv are loeated within the fuselage, one just aft
of the fiight seatdon and oue Juat forward of the cmpemnage, An extensive
desian study was made for boeh the LH2 and the Lcua—fuclcd atreraft to deter~
wine if other tankage arrangements might offer advantage. It was found that
for both fuels the fore and afe internal fuselage arvangement provided the
best arrangement; f.0., lowest direet operating cost for a practical design.
Accordingly, the tankage arrangewents shown in figures 1 and 2 were adopted

for the LI, and LCH4 alrcraft designs, respectively.

2
The noncryogenic fuels, viz., Jet A and JP=4, arc conventionally carried
as siown in figure 3; i.c., with the fuel contained within the wing structural

box.

3.3.1 Fuel system arrangements

3.3.1.1 Conventional fuel system. - Figure 4 1s an illustration of a fuel

system arrangement for a conventionally=-fueled modern transport aircraft.
Insofar as possible all fuel system plumbing is carried within the wing struc-
tural box in the same volume in which the fuel is contained. Thus, in event
of a leak in the plumbing no fuel is lost, Also, burying the plumbing within
the tank eliminates concern about damage to that part of the fuel plumbing
system in event of a crash. The portions of the plumbing system inside the
wing box can be damaged only if the tank itself is penatrated, an event of
much more serious consequence. The only portions of the fuel plumbing system
which are vulnerable to orimary damage leading to large fuel spills in event
of a survivable crash are those lines and components external to the tanks.
Yor example, the line leading from the tank to an engine will be sheared off

if the engine pod Is torn from the wing.

In a four-engine aircraft the auxiliary power unit (APU) is usually
mounted in the tail section. Accordingly, a fuel line must run from the wing
tank aft through the fuselage, back to where the APU is located. Under normal

20
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Section A-A

Figure 1. - LH2 - fueled transport,
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Figure 2. - Methane-fueled transport.
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Figure 3. - Jet A - fueled transport.
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elircumstances this fuel line can be lecated well within the fuselage structurc
and thus be virtually dnvulnerable to serious damage, except in cases where
the fuselage 18 physically torn apart, Vor example, in the three-cngine
Lockheed L-1011 alveraft, the fuel line which runs aft to the No. 2 engine

and to the APU, ia located Just below the cabin floor and very close to the
vertical centerline. There is about elght feet of structure below the fuel
Lince to the aircraft skin which effectively protects the fucl plumbing in the

evant the airplane makes a wheels-up landing.

In addition to being located fin the fusclage where the line 1s physically
protected, since 1967 fuel lines in commercial transport aircraft have been
required by Federal Aircraft Regulation to provide "a reasonable degree of
deformation and stretching without leakage" to accommodate limited amounts of
fuselage separation. Again as an example, Lockheed policy is to make the
fuselage-mounted fuel lines capable of stretching to 50 percent of their
original length. Thus, it would require a crash severe enough to separate
sections of the fuselage by several feet in order for the No. 2 engine/APU ﬂ
fuel feed line in the L-1011 to pull apart and spill fuel. The accident data
analyzed and reported in section 3.4 shows the probability of this happening

in a survivable crash is fairly small.

3.3.1.2 Cryogenic fuel system. - The general arrangement of a fuel system for

a cryogenically~fueled airplane is depicted in figure 1. With fuel tanks
located fore and aft in the fuselage it is apparent fuel lines must run be-
tween the tanks and also out to the engines mounted in the wingu. In this
case, as contrasted with the conventionally=-fueled aircraft, even though the
lines running to the engines are located in the wing structural box for maxi-
mum protection against damage, they will be the source of fuel leakage result-

ing from any impact that severs or massively punctures the wing.

The comparison of fuel spillage which might result from wing damage in
a cryogenically fueled airplane versus one fueled conventionally is a matter
of quantity and fuel spill rate. With Jet A or JP-4 fuel, beth of which are
stored in the wing, a puncture of the wing box will result in spill of all
the fuel in that tank at a rate which is a function of the size of the hole.
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With LH2 or LCU,, the worst that will happen In ovent of wing damage s that r
an englne feed e will be severed.  The amount of fuel spilled as a result

will be contingent on whether the boost pumps and the fuel shut-of{ valve are

turned off or not. The rate of spillage will almoss certalnly be far less

than in the case of the couventional fucls.

Fuel lines for cryogenic fucls will be fnsulated to minimize lheat leak,
Without adequate insulation, the fuel would vaporize on its way to the enpine
fuel pump, ultimately causing the pump to cavitate, thereby starving the
engine. Accordingly, the lines will typically be designed as shown in fig-
ure 5. The line carryine fuel to each engine will be approximately 2.54 cm
(1.0 inch) in diameter for the size alrcraft adopted as a basis for this
study., It will be encased in a closed-cell, rigid plastic foam about 3,81 cm
(1.5 inch) thick. In turn, the foam insulation is contained within a thin
aluminum tube 10.16 cm (4 inch) in diameter which serves the dual funciion of
mechanically protecting the foam and preventing air from cryopumping in event
of local fzilure of the foam. Bellows will be provided at intervals to ac~
commodaete thermal expansion and contraction, plus mechanical vibration and
flexing. Wherever these fuel lines pass through pressurized areas they are
contained in a shroud which is provided with positive air flow. Hydrogen

(or methane} detectors will be located at the discharge to sense leaks,

For a more complete description of a representative cryogenic fuel sys-
tem see reference 3. There are many more elements to a complete system which
are required to perform the various functions veeded on board an aircraft.
These include pressurization, venting, fueling, defueling, crossfeed, etc.
However, for purposes of assessing the crash fire hazard, the engine fuel
supply system just described, represents the principal challenge. Crash
damage to the other systems, with the exception of crossfeed, will not result

in significant fuel spillage.

The crossfeed system involves the fuel lines which traverse the fuselage
connecting the tanks so that there are multiple routes by which any engine
can be fed fuel from any tank. They are located in the fuselage Just below
the cabin lower floor as shown in the right side of section AA in figure 1.

These lines are subject to damage in event of a crash in which the fuscelage
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Figure 3. - LH2 fuel line crogs section.

is broken. They are the same size as the engine fuel feed lines in the wings

and their severance will result in the same fuel spillage potential,

3.3.1.13 Cryogenic tankagg: - Tanks for cryogenic fuel are designed to entirely
different specifications than their counterparts for conventional fuels. Both
Ll-[2 and LCH4 are tanked as saturated liquids at a nominal pressure of 145 kPa
(21 psi). The tanks are pressurized with their own vapor product, and so they
contain no air or oxygen. Consequently, there is no fire or explosion hazard
within the tanks. Conventional fuel tanks, on the other hand, are vented to
the atmosphere to minimize differential pressure on the structure, so there

1s continually a mix of fuel vapor and air above the surface of the liquid

fuel which may be susceptible to ignition. The cryogenic fuels therefore are
inherently safer in this regard in event of a cragh,

Tank pressure in the case of the cryogenic fuels is controlled by venting
to relieve excess pressure when heat buildup 1s too great, and by intentionally
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vaporizing liquid fuel when tank pressure drops below o specifled Limit, The
aryogenie tunks are dealgned o an ultluate pressure of 208 kb (30.2 pal).

For compartson, rhe passenger cabin i desdgned to an ultimate pressure of
anly 124 kPa (18 pat). 1t is mueh more Ilkely, therefore, that the fuel tuanks
would survive Jntact In event of a erash, rather than the reat of the fuselage.

The fuselage would tend to break in dts woeakest parts.,

Another aspect of the tankage of the cryogonde fuels which vesults in
their belng loss likely to suffer damage in event of a survivable crash, com-
pared to conventional fuels, is their location in the fuselage. The tank di-
mengion (its width) which 1s vulnerable in a colliston with an obstacle on the
ground is signdficantly less for the fuselage-mounted tanks than for wing tanks.
As an example, in the LH2-fue1ed aircraft shown in figure 1, the fuselage tank
has a width of 6.63 m (21.75 ft). The Jet A-fueled aircraft designed for the
same mission, illustrated in figure 3, has a wing span of 58,5 m (192 ft),
most of which contains fuel and is vulnerable to damage from impact which
could cause fuel spillage., 1In the LH2 aircraft, of course, the wings are
devoid of fuel except for the engine supply lines which, as explained in
section 3.3.1.2, are contained in the structural box between the front and
rear spars and are downstream of shut-off valves controlled from the flight
station,

An additional factor in this regard is the consideration that the fuselage-
mounted tanks of the cryogenic fuels have a gignificant amount of structure
both ahead of and bencath them to absorb impact loads, Examination of fig-
ures 1 and 2 shows that the nose structure of both of these alrcraft would
have to be crushed before a froutal collision would impact the forward tank.
Also, the underside of the tanks in both aircraft is protected, by a minimum
of 45.7 em (18 in.) for the forward tank and 35,5 em (14 in.) for the rear
tank, with specially designed structure to preserve their integrity in event
of nose gear collapse, a wheels~-up landing, or a tail scrape. This protection
ghould assure a better record of crosh survival for cryogenic fuel tuanks than
the conventional fuel wing tanks. .

The tanks for both LH2 and LCH4 are insulated to minimize heat leak
which would cause rapid boiloff of the fuel. Two types of insulation which
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are Lllugtrated In figures 6 and 7 as designed for che LHZHqulud alreruft.

have becn found to he moat promioing as o result of detalled cnalysis

These Luaulation systema are, reapecrively, vigid cloped-cell fomn, and

micyosphoeroy.

Both deslgnn were ontablislied on the basds of windmizing direct operat Ing
cont for the afreraft by selecting an optimum compromise hetween insulatton
syatem welght and cost of fuel allowed to boil off. The rigid ¢losed-cell
foam desipn muat be thicker than the microsphere system because the evacuatoed
microsphere annulus 1s a more cfffcient dnsulator. Nowever, the microsphere
system wedghs o little more and requires an active pumping system, an extra

complication not required by the pasgive foam system,

NASA has carricd out extensive preliminary tests of many candidate foam
insulations?d. Some, such az Stepan Foam and a General Eleetrie polyurcthune
composition, have been shown to be very efficient for the cryogenic applica-

tion. The potential life of these materials has yet to be explored, however.

As shown in figure 6 the rigid closed-cell foam is applied directly to
the outer surface of the tank. Over that 1s laid a vapor barrier such as
a 0.127 mm (0.005 in.) thick composite sandwich of mylar-aluminum-aluminum-
mylar-fabric mesh (MAAMF), the purpose of which 1s to prevent cryopumping of
air into the foam during its operational life, and also to prevent the same

occurrence in the event the fodm develops a crack or other defect.

A flexible open-cell foam layer is applied over the MAAMF o provide a
spring-1ike cushion between the rigid foam and the Kevlar-syntactic foam panel
which serves as the outer surface of the aircraft in the area of the cryogenic
fuel tanks. A secend MAAMF layer is applied between the flexible foam cushion
and the Kevlar panel to provide a sealed annulus occupied by the cushion which
lg purged with nitrogen.

The microsphere insulation system is illustrated dn figure 7. Micro-
gpheres are tiny hollow spheres of borosilicate glass., They are contained in
an evacuated annulus surrounding the tank which is formed by a 0,127 mm
(0.005 in.) thick stainless steel (CRES) cuter shell. The annulus is

29

RS W




30

Kavlar-syntactie
foam :umlwluh _~Alreraft skin

" Floxibla, Onln mll foam -
Vapor bnrrler 4 (Ng Pl"llﬂd

Tunk wall
\St inga
Frama/ :] e

Figure 6. - Rigld, cloged-cell plastic foam tank insulation.
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Figure 7, - Evacuated microsphere tank insulation system.




miintained at a soft vacuum of approximately 13,3 Pa (0.1 Torr). The same
flexible cunhion formed by open-cell foam pnrged wich nitrvogan in nded to
gupport the Kevlar atrvceraft akin, This dnsulatdon system 1s 27.9 ma (1,1 1n.)
thinner than the cloged-cell foam design and seI11 resules in less fuel bolloff,
Howavor, it would be a mere oxpengive system.  kExperimental testing and de-
velopuent ol both aystems has been vecommended to explore the porentinl advan-

tages and shorteomdngs of each,

The volumes forward and aft of cach tank in the adlrerafe (see figures 1
and 2) are intended to be actdvely flushed with adr whenever liydrogen (or
mechane) seusors located in the space detect lewked fuel. In {1light the air
purge can be provided by opening vents and using ram air. Ou the ground the

positive ailr flow can be provided by blowers installed for the purposc.

A unique potential problem posed by the location of the tanks for the
cryogenic fuels in the fuselage is che question that surviving pagsengers and
crew could be faced with the huzard of exposure to the fuel itself. Very
brief contact with Ll{2 produces the effect of a burn on human skin., Exposure
of large areas of the body to cryogenic temperatures for even brief periods,
of course, would be fatal.

It is always possible to postulate circumstances in which large quantities
of fuel are spilled and some of it drains into the passenger compartment.
However, in view of the design of the tank and its installation it is con-
sidered highly improbable that there would be a survivable crash where this
would happen. To illustrate, two pressure bulkheads separate the fuel from
the passengers. As previously pointed out, the cryogenic fuel tanks are de-
g8lgned as pressure vessels to an operating pressure of (21 psia). Another
pressure bulkhead forms the ends of the passenger compartment adjacent to
both the forward and the aft fuel tanks. Both the end of the fuel tank and
the adjacent bulkhead leadiung to the passenger compartment would hove to be
ruptured to permit direct access of fuel to the passengers. To explore this

eventuality an experimental program has been suggested (see Scection 7, Recom-

- mendations for Future Work) which would involve crashes of suitably modified

surplus aircraft.
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3.3.2 Fagsengor cabin wall atructure, ~ One of che important. tapks of this

atudy was Lo evaluate the rvelatdve lngord of pansengers inside the cabin when
the autadde of the fusela,e la axpaned Lo fira ffum apdlled fuel, 7To

evaluate thie bazard it 1o necesunry Lo kiow the struetural dealpn ol a
typleal section of the fuselage and the materioals Invelved In its construetion

80 the chevmal propertios can be determined,

View A~A of figure B du a representative pleture of how the sidewall of
4 modern pagacnger transport Ls constructed. Phe Lockheed L-1011 destpn la
used as 1llustration. In the seetdon where the windows arve located the
alreraft skin 1s rednforced with a doubler, JFrames are located 20 inches on
center.  Above and below this window belt ds a seetion where fail-safe straps
of titunium are employed to reinforce the aluminum skin. A cross section
through the wall in this area of the fusclage is illustrated in figure 9 with
waterial cullouts noted.

The aircraft skin is clad 2024-T3 aluminum of 2.29 mm (0.09 inch) thick-
ness. A layer of AA fiberglass fnsulation 57.2 um (2.25 in.) thick is retained
about 12.7 mm (0.5 in.) from the inside suxface of the skin. In turn, spaced
about 9.5 mm (3/8 in.) from the inside surface of the fiberglass insulation is
a honeycomb panel which serves as the interior wall of the cabin., The honey-
comb panel consists of a core of crushed nomex with surface sheets of hard
fiberglass on both sides. The total thickness of the honeycomb panel is
3.18 mm (0.125 in.).

A seLLiuu show‘ng the construction of a window is presented in figure 10.
The 825 Lm (128 in ) clear ared consigts of three panals, the outer two
being structural members, the innermost being simply a protective layer to
prevent scratching of the more critical panes. It also serves a function of

permitting circulation of warm dry air to prevent fogging,

The thermal characteristics of the cabin wall section are presgented in
section 5.5, along with an analysis of heat transfer through the wall as a

function of time as a result of erposure to various fire conditions.
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‘ .
3.4 Alrcraft Accident Records
|
The sources of accldent data used in this review werc:
a. MNational Transpertation Safety Board (NTSB)
b, Internationul Civil Avistion Organfzation (LCAO)
i ¢, World Adrline Accident Summary - Civil Avi. ion Authority (CAA)
|
| d. Lockheed Company Accident Files
' ¢. Miscellaneous Reports, Artlcles.
' The NISH records, particularly accldent summarvics (relerences 15 and 16)
for the years 1964-1977, were the primary source of information for compiliong,
} statistices. The other data sources, as well as more curi.ont acceddent reports,

were used to augment the NISB records. A complete evaluation of the aceldent

data 1s provided in reference 17,
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Table 3 provides o summary of 783 NTSB accidents for the perlod 1964~1977

ag funetions of Injury index and aperatlonal mode, This total was reduced to

341 since wmany of the aceldents were not pertinent for the purposes of (his

study,
e

Those accidents eliminated from further consideration were:
small adrerafic (LOGW < 5670 kg (12,500 b))
Nondesipgn=related Ltems (turbulence, hail, sabotage)

Improper safety practices (unfastened seat bele, passenger/attendant
aislo Injuries)

Unrealistic impact conditions {(in-air aircraft collisons, collision
with on-ground personnel)

Miscelluneous accidents (inadvertent door opening, static operations)

The reduced number of accidents is shown in table 4. They consist of
accidents due to:

Controlled and uncontrolled collisions with ground/water
Undershoot

Stall

Hard landing

Wheels up, retracted gear, gear collapse

Overshoot

Swerve

Obstacle impact or collision.

Figure 11 shows a comparicon of the number of occurrences of fatal,

serious injury and minor/non~injurious accidents for the orlginal 783 data

set and the reduced 341 accident data set. As can be noted in figure 11,

both sets of duta are cousistent with cach other in tbat both show uncontrolled

and controlled collisions with ground resulting in 2 gubstantial number of

tatal and serious Lijury accidents; while stalls, overshoots, undershoots and

aceidents involving obstacles result in a moderate number of fatal

and seriousy
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TABLE 3.

L]

g’

OF U

PO

© HUNMARY OF ACCIDENT TYPES BY OPERATIONAL MODE

1364-77 NTSB Data

{T) = Total nu. of scuidents

Takeotf Landing Toxi Flight Statie | Other Totals
Primary Accidant Type XY 2ZIX Y Z2Z|XYZ|XY Z|xY Z2lxy2l(m x v 2
I. Sevcre Impact {96) 64 12 30
A. Controlled collision 2 0 ohg 4 9 g1 0 (32} 26 5§ 1
B. Uncontrolled Collision | 2 1 1{? 1 0 "mao o 23 20 2 1
(. Undershopt 4 22 (26) 4 2 20
D Stall 12 8|12 10 10 ¢ {18 4 3 8
I, Moderate-High Sink Speed (176} 9 156 152
A. Hard ianding 2 17 30) 2 1 27
B. Gear Collgpse 11 4]0 225(0 01N 1 20 @47 2 6 40
C. Wheels up 00 1|0 118 200 0 1 19
0. Retracted Geor 00 30 o1MMjo 0 2 (i6} 0 © 18
E. Swetve 1 1 7]0 02|10 1 2 {3 1 2 34
F. Overshoot 4 616 {26) 4 6 16
111, System Malfunction {131) 20 40 11
A. Engine Matfunction 1 9110 4 3|0 1 0|2 320104 60 54) 3 17
B. Prop/rotormaifunction | 2 0 2(1 o0 1|0 1 o/ 3 0 1|4 6 0 (1) t0 7 4
C. Airframe failure ¢G5 10 0 3]0 0 3[4 0 5 20 4 § 12
D. Fire/explosion 0 2 20 v 4(0 3 3[3 0 7/]0 6 % 3% 3 11 2
V. Collision With (86} 30 9 56
A. Trees - 5 0 3 1 0 t {to) 8 0 4
B. Ditches, fence, seawsll | 1 3 1|1 0 0 6 2 3 1
C. App. lights, wires 01 2|0 2 4 0 01 {10 ¢ 3 7
D. Obstaclos (bidg,auto) | * 0 3] 1 0 9|0 0 8|0 o 0 01 (260 2 0 24
E. Paople 20 01t 1 01 0 0 t 00 6 5 1 0
F. Alrcraft 2 0 0/0 1 a3 017|110 t 1]o ¢ 2 37) 16 2 20
V. Miscellaneous unknowns 0 2 5/1 4 8]0 4 1315 2|1 18 2|1 1 0/(8 6 44 18
V1. Turbulence and misc. flightf 1 0 1[0 4 ¢ 1203 &6 21N 2207 8
aCCurrences
Totals 17 27 G2|4% 351797 4 10 48|48 223 46(7 3110]1 1t 0 121 327 336
96 258 62 ne 48 2 (783)
X = No. of accidents involving fatalities
Y = No, of accidents in which highest injury index is severs injury
Z = Nu. of accidents in which o. .y minor/nu injuries were sustained
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TABLE 4. ~ REDUCKED SUMMARY OF ACCLDENT TYPES BY OPLRALTONAL MODE
BASED ON REDUCED NUMBER OF ACCIDENYT CANDIDATES

1964-77 NTSH Date
Takooff Landing Taxi Flight Totals
Primary Accilent Type X Yy 2 X Y Z (X Y Z2|Xx Y zZ2i{(m X Y 2
I. Severe Impact (70) 37 9 24
A. Controlied collision 2 0 {15 ) 1 6 1 31 |(28) 23 4 1
B, Uncontrolled collision 2 (I 2 1 0 4 0 o[t 3 2 1
C. Undershoot 4 2 1’ {14) 4 2 18
0. Stall 0 1 4 2 g 0 )] 2 1 4
It. Moderate-High Sink Speed 154) B8 12 134
A. Hard landing 2 1 24 (27 2 1 24
B. Gear Collapse 1 1 3 ] 2 23|10 ¢ N (42} 1 3 38
C. Wheels up 0 0 1 0 0 15 {16} g 0 16
0. Retracted gear 0 0 3 0 0 10 0 1 (14 0 ¢ 14
E. Swerve 1 T 6 0 0 B|0 1 (29) 1 2 26
F. Qvershoot 4 6 16 {28) " B 16
1. System Malfunction {80) 8 18 57
A. Engine malfunction 1 6 9 0 2 2 1 1 16 {(38) 2 9 Ky
B. Prap/rotor malfunction 2 0 2 1 0 1 1 0 0| {n 4 0 3
C. Airframe failure ] I 0 0 30 o 11 0 s (018 1 3 12
0. Firefexplogion 0 o 0 1 410 1 3|11 o 71019 1 3 15
IV. Collision With {370 10 ¢ 21
A. Trees 5 0 3 T o0 100 6 0 4
B. Ditches, fence, seawall 1 3 0 1 0 0 (5 2 3 0
C. App. lights, wires 0 1 2 0 2 4 o 0 1 ({010 0 3 7
D. Obstacles (bldg., auto) 1 1 1 0 210 0 6|0 0 1|02 2 0 16
Totals 1M 18 35 |37 2v 1440 2 2|15 1t 31 63 42 236
64 202 28 47 (341}
X = No. of accidents involving fatalities
Y = Na. of accidents in which highest injury index is severe injury
2 = No. of accidents in which only minor/ng injuries were sustained
(T} = Totat No. of accident.
37
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Number of accidents
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injury aceidents on or around alvports, Couversely, wheeld-up, retracted gear,
swerva, hard landing and gear collapse resule in few fatal or serlous injury
acelidents,

The NISB dotn represents less than 29 percont of the total world aeeidents
during the 1964-1977 perind,  Figure 12 shows o comparison of the reduced
341 NTSB accidents and worldwide accident types, 7The trend between both
accldent sets of data indicates that the reduced NTSE aceldent data iu
representative of the worldwide accldent history fnsofar as severlty ot
accddent types are concerned, Table 5 summarlzes the comparison between the
original set of NISB data, the reduced set of NISB data, and the worldwidce
data set.

A total of 108 available accident reports were obtained from the reduced

NTSB data set. As part of the study described in reference 17 these

] - FATAL
W R senious nwny

L
100

MINOR/NQ INJUHY

T>F

1] o

CC - CONTROLLED COLLISION W/GRQUND
~ UNCONTHOLLED COLLISION W/GRDUND
B0 us - UNDERSHOOT

=
L]
H

v HL - HARD LANDING
z » WU .- WHEELSUP
e T RE - RETRACTED GEAR
=] GC - GEARCOLLAPSE
L Gof 08 - OVERSHOOT
e 04T - OBSTACLE
u *THRU MARCH 1979
= 5ol
=

L] ol

k-

wl-

] o

8 3 3 8 7 2 : R
B
341 ACCIDENTS 2707 ACCIDENTS
NTSH 1964.77 WURLOWIDE 1964 79*

Figure 12, - Comparison of NTSB and worldwide accident summary data,
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TABLE 5. ~ COMPARLSON OF FATAL ACCIDENT PERCENTAGES FOR
NTSH AND WORLDWIDE ACCLDENT SUMMARLES

NTSB 1964 ~ 77 NTSB 2904 - 77 Warldwide (1964 -- 79)*
{783 Accidents) {341 Accidents} (2707 Accidents)
No. Fetal | No. Total No. latal | No. Total No. Fatel | No, Total
Accldent Type Accidents | Accidonte |% Fotal: | Accidents | Accidents % Fatal: | Accidents | Accidents |% Fatal:

Controlled collision 26 32 81.3 23 28 821 58 100 58
Uncontrolied collision 20 23 87 8 A 2.7 2 40 67.5
Stall 4 15 26.7 2 7 28.6 16 3 48.5
Undershoot 4 26 15.4 4 24 16.7 14 ” 318
Herd landing 2 30 6.7 2 27 14 2 61 38
Whesls up 0 20 0 0 16 0 ] 27 0
Retractad gear 0 16 0 0 14 0 0 &7 0
Gear collapse pd 47 4,3 1 42 24 4 152 26
Swerve 1 37 2.7 1 29 34 8 88 9
Overshoot 4 46 8.7 4 26 154 4 75 5.3
Callision with obstacls 10 62 19.2 10 37 27 16 51 a4

*Thru March 1979

accldents were classified in accordance with the accident types noted in
figures 10 and 11. The accident types were then classified into three crash

situation categories. These crash situations are defined below as:
GG Ground-to~Ground Overrun Condition (table 6)
AGHL:  Air-to-Ground Hard Landing {(table 7)
AGL: Alr-to-Ground Impact (table 8)

Thirty-two of the 108 accidents were considered ws "impact nonsurvivable"
or "wipe-outs'; that is, everyone onboard perished. Since Scenarios 2 and 3
in the subject study are concerned only with crash fire hazard in otherwise
survivable accidents these 32 aceidents were eliminated from further consider-
ation., 1In addition, ten miscellaneous accidents, which yielded little or no
useful information as to causal data were elimfnated from the accident files
leaving a total of 66 accidents available for data analysis in the three
selected crash situations: GGO, AGHL, ACI.
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bt buapproprlote o axpladn thar disferent bventigitive bodies have
didtterent devinitions of whit constlituten i survivable aceldent, The
Matlonal Transportatlon Satety Board (NTHB) detdnes o survivable aceldent
#s ane du which the oceuplable volume iu considered sufficlently dntace follow-
dug a erash to have provided protection for the oceupanty aud the loads are
deomed o bave been within tolerable Limita.  Thus, by NESB rules, accldents
which some poople survive are sometimes categorized as nou-survivable and cou-
versely, accidents which produce 10 survivors are sometimes labeled survivable,
Ou che other hand, the leaeral Aviacion Authority (FAA) cmploys a straight-
forward definition which results in a classification of survivable 1f at least
one person survives a crasd.  Yor the present study we arce using the FAA
definiciou.

Agadn as part of the study described in reference 17, the accident data
was then assembled in accordance with the type of alrplane engine arrangement
employed:  wing pylon-mounted engines, aft fuselage~mounted englnes, and
combined aft fuselage/wing pylon-mounted engines. The distribution of accidents,
as they relate to these different engine mounting arrangements, is shown in
table 9. 0Of che total of 66 accidents, 30 had an engine mounted in or on the
rear of the fuselage and thus had fuel lines runiting axially through the
fuselage which were subject to damage from fuselage breakage/separation.

TABLE 9. - DISTRIBUTION OF ACCILENT DATA AS RELATED
0 AIRPLANE ENGINE ARRANGEMENT

Candidate Crash Situatign®
GGO AGHL AG1
GG
Engine
Arrangement tending Takeoff GG2 AG1 AG2 AG3 AG4 Totals

Af T ~glage 4 2 4 7 2 3 k| 25
v 8 8 ] 3 1 4 n 36
One Att Fuselage -

Two Wing Pylon - 2 - 1 1 1 - 6
Tuteh 10 10 8 1" 4 8 14 LA
*Dafined in Tables &, 7, and 8
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Labies 10, 11 and 12 show the frequency of oceurrence of fuel apllluge in
relaclon te the oceurrence of funeloge separatlon for the different englhne
conblgurad alrplanes.  Au can be noted by the data In these tables fuselope
sepacatbon/break oceurs ar well detdned bard polnts, Loe.s, wing leadlug
vl (L k) whigy trad ling, edpe (1 5.), forward of cmpennage, aud aft ol
cabine i the aceldants dovolving the 30 adreraft with af t-mounted englues
ouly oue Instanee of Fusedage separation was noted as a posslble eaune ol

Luel wplll,

Tables 13 and 14 show the relatdlve Lire hazard and structural system
danage dnvolvaement for all the alreraft as a function of their englne arrange-
mert,  Of a total of 36 acceldents involving alrplanes with wing pylon-nounted
eigines, 24 accldents show fire occurrences or the potential of a fire hazard
trem tuel spillage.  Wing fuel tank rupture vecurred as the stated cause in 10
of vhe 24 five hazard accidents, tollowed by 8 occurrences of wing fuel line
sevesence, Miscellaneous or unstated causes account tor 6 fire hazard
declidents,  Generally the miscellanvous cause bs assoclated with o wing root

separation or wing tauk rupture.

TABLL 10. - RELATLIONSHLP BEIWFEN FUSELAGE BREAK AND FUEL SPLLL OCCURRENCE
= GGO Ck 1l SITUATION -

Number of Occurrence of Fuel
Engine Accidents Occurrence of Fuselage Snill end No Fuselage Occurrence of Fuselage
Arrangement Involved Break and Fuel Spill Break ) Break and No Fuel Spill
Aft fuselage 7 1 &,©,0,0 1 15 l
Wing/pylon 9 1ONO)] 4 2.1 12
One aft fuselage/ 2 - 2 -
two wing pylan

(1) Break uecurred at wing L.E,

(2) Breaks vecurred ot wing L.E. and T.E,

(3) Hreuk occurred forwar:' of empennaye, fuo! spit ocourred from wing fuel tank,

(4) Breaks occurred ot wing L.E. and T.E., fuel spil vcourred at wing root,

(5) Break vccurred forward of empennage.

({_D Breaks occurrad at wing L.E. and T.E., fuel spilt from wing fue! tank or engine fuel line.
@ Breaks occurred at wing L.E. and T.E., fuel spil from wing fuel tank,

(ﬁ) Break vccurred at wing L.E., fuel spill frem wing fuel tank.

(_9) Break uccurred at wing L.E., unknowi leak source.

45



|

"“'"'1

i

'y W iaitl ‘wigwrm | p'v!

T —

TABLE L1, - RELATIONSHIY BEIWEEN FUSELAGYE BREAK AND FUEL 8P'ILL OCCURRENGE

- AGHL CRASI SIUTUATLON -

Number of Oceurronce af Fuel ‘
Engine Accidants Oceurranco of Fusslage Spill and Ko Fusulagy Oucurronce of l:u:aluuu
Arrangamaont Involved Hreek and Fuel Spill 1 Brank ~ brenk and No Fuel Spill
Aft fuselage g 10, 1 1 (D@43
Wing/pylon 2 - 1 1 (3)
Ono aft fuselage/ 1 - 1 -
two wing pylon

@ Break cccurred forward of empennage,

@ Breaks nccurred aft of cabin and forward of empennage,

@ Break vecurred at wing T.E,

@ Break occurred forward of empennaga, full spill accurred at wing root.

TABLE 12. - RELATIONSHIP BETWEEN FUSELAGE BREAK AND FUEL SPILL OCCURRENCE

~ AGI CRASN SITUATION -

Number of Occurrence of Fual
Engine Accidents Occurrence of Fuselage Spilt and No Fuselage Occurrence of Fuselage
Arrangament Involved Break and Fuel Spill Braak Bresk and No Fuel Spill
Aft fuselage ] 1 (D 4 (2) 1 ® 2
Wing/pylon 16 i @ 1 @ 12 @) 2
One aft fuseloye/ 2 1 GD 1 @
two wing pylon

0,
&
®
3
bt
®

-

@

Hreaks occurred aft of cabin and at wing L.E. and T.E., fuel spill due to engine line or fuselage separation.
Fusalage destroyed or broke up into several sections and fuel spifl attributed to wing tank rupture,
Breakup occurred Terward of empennage, fusl spill unknown, could be fuel tank or fual line fupture,
Breakup accurred forward of wing L.E., fuel spill from wing tenk.

Breakup occurred forward of empennage, fuel spiil due to engine saparatiun,

Breakup oceurred at wing T.E., fusl spill due to engine separetion.

Aircraft were destroyed in 4 acgidents, breakup oceurred aft of cabin 3 titmes, forward of empannage 2 times
aft of cabin ond forward of empennage 2 times and ot wing L.E. unce. All spills are associated with fuel tank
Tupture, engine separation, or wing separation except in 2 cases where spillage cause is unknown,
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TABLE 13, - FIRE HAZARD HUMMARY, ALL ALRELANE CONFICURATLONS

. Gandidate Gras Situatiatw®

a0

Numbasr of Accidents

FIBE HAZARD
Total Numiber Fires Occurred

Fuol Containment, Strue. Ralated
{(Fual Spilt)

Friction, Ground, Hydraulic Line
Related

Unstated
Fuel Spill, No Fire

Total Number of Fires and
Potentlat Fires

ESTIMATED CONTRIBUTIONS T
EIRE HAZ&BDSE 7 %
¢ Wing Fuel Line Sevared

a. Engine/Pylen Separation

k. Wing Root/inboard Failure
Wing Qutboard Failure
. L.G. Penetration
Wing L.E,

f. Miscellansous

2 a o

o Fuselage Fuel Line Severed
a. Fuselage Separation
b. Engine Separation
¢. Landing Goor Pengtration
8 Wing Fuel Tank Ruptury
a. L.G. Collapse/Penatration
Calumnar Impect (D
c. Cnmuurlmpaut@
d. Frontal Obstruction Cﬂ
@
f

=

. L.G. Collepse and Fus, Impact
. LG, Trunndan Attach Fitting
8. Miscuifanoous

20

10

* Defined in Tabtes G, 7, end §

1) Pole, Tree, Pier, Light

2 Ditch, Revine, Hill, Embankment
Fence, Building, Wall

4’ Inclucas possibility of either or hoth occurrences on

tame accident

@ Fuselegs Line/routing designed ea a result of accident

in 1965

woz |oan |oaw | asr ] Aee |
g 1 4 i 11 it
4 i 1 41
4 b L] K]
1(8) 8
1 7 GO 9 (6) q(8) 7
1 1 3 7
1 b ) 8 14 A8
2 4
3 @)@ 1 (%9 LGN
1(9) 1
0
0
] (9) 1
i 1@ 1
1 (® 1@ 2@ 4
1 ® 1
3
! 3 1 2 ?
3 &
1 2 3
0
1
I
8) Obstacles nvoived, wing separation grcurred
7 ) Fuel cantainment related fires and splltg
B ) Nose gear collapse, severed hydraviig fine
9) Possible fusl tank rupture
(0) Wing Root Ares
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TABLE 14, - STRUCTURAL DAMAGYE SUMMARY, ALL AIRFLANE CONFLGURATIONS

aar_| osz | aAgy
Number of Aceldants 20 ] "

Cuselage Broak/Separation
n. Aft of Cockplt Fwd, Fuselage
b, Wing, Lending Edge (L.E.) 2 1
c. Wing, Tralilng Edge (T.E.)
d. Forward of Empennago 1 1
#. Wing, L.E. ond T.E,
. Aft of Cockplt and fwd,
of Empennage
g Thrao -+ Four Brosks 2
h. Fuselarr Destroyed

Engina Separation
Fusefage Mounted Configuration
Wiiig Mountad Canfiguration
Fuselage and Wing Mounted

Wing Failures

Root-Inboard
QOuthoard-Tip
Miscellangous/Unknawn

— D el

[N -2 )
-—
- Pl D

[ UL ]
- a3 Cad

Landing Geer Collapse

MLG Collapse Qnly 4 6
NLG Collapse Only
MLG and NLG Collapse 7 3 1

o
— P
—

Qccurrences of:

Floor Buckling

Cackpit Crushing

Lower Fusolage Crushing/Abrasion
Overheud Recks/Panel FAllures
Jammed and/or Deformed Doors
Slide Related Fallure

Galley Equipment Failures
Tue/Whee! Damage 6

L O D N e -
v et ot LD By G s GO
- ) B

ledldnt_g_ Cranh Bltugllnnu'

A2

4

-— 3

[ ]

AGS |

8

-t b | ]

AG4

A G = b O L

Total |

G4

fa- -0 - B - W )

-~ o

*Nefined in Tables 6, 7. and 8

**Numbars in table indicate number of accidents in which stated gvents vccurrad
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0L 4 total of 25 aceldents luvalving aft-wounted engine alrplanes,
Ph aeeddencs show £ire ocewrrenee, oy flre potential from o fuel spill, In
these 15 Llre hacard aceldonts, aft fuselage breawg-up ocowrred 12 cimes,
However, 1o only one of these 12 instances ls L6 noted that the fuselage
separation/hreak may bhave led to the fuel spdll. Again wing fuel tank rupture
ig a prevalent occcurrence (8); followed by fuselage fucel liune soverence,
usudlly engine separation (4), and wing fuel liue severence, partloularly at
the root (3).

The explanation of the cause of fuel leakage or fire 1s oft times
wielear in the accldent reports.  For example, in table 13 o 4ds reported that
in seven iustances the cause of fire was ungtated in the NTSB reports, Since
specific causes of fires which were not related to fuel spills are Lldentified
(three cases) it can be presumed that the seven unstated cases involve fucl
spills but that the source of the spilll wag in guestion., On the basis of this
vonjecture, it would be valid to conclude that 82 percent of the time fuel
is spilled, fire results. Ou the other haud, if the sever unstated causes of
fires are divided in the same ratio as the number of fircs known to be due
to fuel spills (31) to rires known to be due to nonfuel causes (3), then
only 6.3 of the seven unstated fires would be due to fuel spills and the
above percentage would drop to 8l.2 percent. It therefore seems appropriate
to conclude that in more than B0 percent of the time when fuel is spilled
in an aircraft crash, fire results when the fuel is Jet A, Further, since
all the other fuels being considered in this study will ignite at least as
readily as Jet A, the statement could be expanded by saying it would be true
regurdless of the fuel.

Table 15 sumarizes the fuel contaiument related fire potential and
structural system damage data. Fuselage break, engine separation, wing
fuilure, and landing gear collapse occurrences, in terms of relative frequency,
are similar for wing pylon or aft fusclage engine-mounted configurations,

While some percentages differ for the two differcut configurations, they aze

generally within 210 percent of the total of all 66 accidents.
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TALLE Lo, - GUHMMARY OF FULL CONTALNMENT UAZARDS AND STRUCTLKAL DAMAGE
AB A FUNCLLON OF ESGINE ARRANGEAERT CONFLGUKRATION
Engine Arcangemont
i .. Wing Pyton W L AftTuslwge ] Al
Numbar of Accidents 36 25 G
Firg Potential Fual Conteinmunt Relatod 18 (60) (8) 16 (60) @ 38 157.6)
. Wing Fuel Line Severence @ 8(22.2) 30 14 (21.2}
| Fuselage Fuel Lina Severence - 4 (16) (3) 5 {7.6)
Wing Fuel Tenk Rupture & 10 (27.8) 8 (32) 21(318)
Structural System Damago (D
Fuselage Break/Separation 20 (65.6) 16 (64) 39 (59.1)
Enging Sepacation 20 (65.6) 12 (48) 37 (56.00
Wing Failures 20 ({55.6) 11 (a4) 36 (54.5)
ftoot-Inboerd 13 (3C.1) 5 {20 211(31.8)
- Outbosrd Tiz 5(13.9) 4 {16} 9013.6)
Miscellanvous 2(5.6) 218 6{9.1)
Landing Gear Collapse 22 {61.1) 15 (60) 42 (13.6)
{ ) Denotes Fuel Containment and Structural Damage Data it percentages; based on total number of accidents for
the particalar engine arrangement configuretions noted at the top of the respective columns.
g @ More then ong systam can be demaged in an accident, thereforo, percentages can total more than 100%.
| (2) Saven fire potantials noted as wing fuel line severence could also be wing fuel tonk ruptures,
(3) Only one due to fuselage separation,
(4) Does not includn 1 fire ogcurren~a in which containment relationship is unclear.
(8) Does not include 6 fire occurrences in which containment relationship is unclear,
-
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The locaticn of the engines on the wing, or on the aft fuseclage, does not

alguificantly alter the aceident atatisties with regard to overall structure
participation,

A detailed evaluntion of the crash conditions postulated for the gubiect
atudy indicates that the three crash situations and thelr subsets (aGl, 662,

AGL, AG2, AG3, AG4), arc applicable to crash acenarios 2 and 3 as follows:

Crash scenarido No. 2, defined as follows: "A survivable crash landing,
or failed take~off, where damage to fuel tankage or lines results in massive
release of liquid hydrogen after the ajrcraft has come to rest," would resull
in damage similar to crash situatlons GG1 and €G2, which are csgentially
ground-to-ground accldents occurring on the runway or as a result of uver-

running the runway. The accidents in these scenarios involve airplanes ruining

off the runway at a speed in the vicinity of 80 kts and impas
or obstacles, at lower speeds; e.g., 40 kts.

ting terrain,
On an average, the airplane
comes to rest within 300 meters past the runway threshold. For these types
of accidents, 14 of the 29 accldents involved fuel leakage. Wing tank

ruptures account for 11 of the 14 spills distributed as follows:
7 contour, columnar, or frontal impactg*

4 landing gear penetration
Two of the 14 spills were associated with wing engine/pylon fuel line breaks

and one of the spills was associated with a fuselage fuel line break (could
be either a fuselage break or engine separation).

Fuel spill from only one side of the aircraft is characteristic of this

type of accident. Fuselage breaks are generally not severe and the separation
usually isn't conplete.

Crash scenario 3, defined as follows: "A survivuble crash landing, or

fuiled take-off, where damage to fuel tankage or lines resules in massive

release of liquid hydrogen upon impact and during aircraft deceleration”,

would produce dumage similar to AGl, AG2, AG3 and AG4 crash sltuations, The

*3 of these spills could be wing root/inboard failures.
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air-ro-ground aeeidents in these situatlons dnvelve Ligh forward and sink
speeds, A Lorward speed of at Jeast 120 ke was agsumed for the purposce of

esttmating credible damage leading to fuel op.Lllage rates and quimtitics,

AGL and AG2 aceddents oceur dn the proxdmity eof the adrport, while AG3
and AGH aceldents olt-times oceur substantial distances Lrom afrports and in
hostile surroundings,  For these types of crashes, 24 of the 37 al:zidents
involved fuel leakage. Wing fuel tank ruptures accounted for 18 apills. In
the majority of the accidents, columnar (trec), contour (embankment, hill)
and frontal (house) impacts caused failure of the wing either inboard at the
wing root or ovutboard of the nacelle. Fuel line leakage occurred in two
instances due to wing engine pylon separation, two instances of fuselage
engine pylon separation, and two instances involving rupture of a line in

the wing leading edge.

Fuel spillage from both sides of the aircraft is characteristic of this
type cf accident due to the density of obstacles in the crash environment.
The severity of the crash conditions for this situation is such that complete

separation of fuselage sections on break-up can be expected.

In summary, in the accidents studied it was found that although fuselage
breakage/separation occurred just as frequently as did wing damage, the fuse-
lage damage did not usually result in fuel spillage, whereas wing damage did.
Further, in the case of cryogenic fuels, it must be recognized that they will
be contained in tanks designed te an ultimate pressure significantly greater
(30.2 psi vs. 18 psi) than that of the rest of the fuselage in which they are
mounted., Therefore, it can be concluded that “he fuselage-mounted tanks of
the cryogenic fuels will be more likely to survive a crash than the rest of the
fuselage, i.e., breakage will occur in the weaker sections, This should lead
to markedly better survival statistics for the cryogenic fuels. Fuel spillage
will occur, generally, only if fuselage sections separate so far that lines
are pulled apart., Engine gseparation from the aircraft, whether wing or
fuselage-mounted, will be the principal source of fuel spillage for the
cryogenic-fueled aircraft. 1In contrast, the conventionally fueled aircraft
will coutinue to have both this problem, plus the vulnerability of wing tanks
which has been ghown, in the foregoing analysis, to be the major factor leading
to fuel spillage.
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The nther two crash scenarios, Nos. ! and 4, reprasented cases in which
erash damnge wns not relevanc.

Crash scenario Ne, 1, astated aa follows: A normal landing, or ground
needdent, which rosults in fuel pystem ingulation damage and/or fuc! Sy&sLom
damage permicting liquid bydrogen to vent, eseape, leak, or run out of a
punctured tank or broken line," should be considered an aceident in which only
small leakage rates could oceur bocause control of flow via shutoff valves
and boost pump usage are controllable by the crew. This situation would come
about as a result of a long developing problem (metal fatigue) or, 1t could be
maintenance related as opposed to crash damage.

Crash scenario No. 4 is a situation where the aircraft plunges to the
ground and all on board are killed by the impact. The question to be resolved
is, what is the hazard to the surrounding community represented by the in-

stantaneous release of the fuel aboard at the moment of impact.

4.3 Bcenario Damage Definition

In light of the damage which is apt to be inflicted on the subject air-
craft in the postulated scenarios, as described in the preceding section, an
analysis was made to determine what fuel lecakage might be expected to result
with each of the four fuels.

By way of review, the cryogenic fuels (LH2 and LCH4) are stored in
insulated tanks located both forward and aft of the passenger compartment.
The non-cryogenic fuels (Jet A and JP-4) are stored in the wing and in
center section tanks. As listed in table 2, the subject aircraft carry the
following total fuel loads:

Li, 25,600 kg ( 56,460 1b)
Lew, 69,040 kg (152,200 1b)
Jet A 84,780 kg (186,900 1b)
Jp-4 84,780 kg (186,900 1b)

All of the adrcraft have four engines mounted on pylons below the wing,

The location of the fuel tanks and engines dictates the primary effect
ot impact damage on fuel leakage. When fuel tanks are located in the wing,
impact damage to fuel lines within the wing ds of little councern because
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of the excessive fuel tank damage that muat oceur hefore the fuel lines are
impacted, In all other arcas, such as engines, engine pylons, and fuel linea
external to fuel tanks, fuel line leakage 18 of concern.

Each engine is assumed to be supplled fuel from Its own individual fucl
tank. 1wo fuel pumps werc used in cach noncryogenie fuel tank and three in

each eryogenic tank,

Although as has been pointed out, the fusclage tanks of the cryogenic
fuels are considered less apt to be serilously damuged so as to leak fuel in an
impact survivable crash, compared with the wing tanks of the couventionally
fueled aircraft, the problem at this juncture was not to assess probabilities
but to decide on credible damage which could occur in order to analyze the
consequences of fuel spillage. Accordingly, fuel tank damage was assumed to
vary from a small puncture or a cracied weldment permitting a leak of 0.5 kg
per second, to a major tank rupture. In the latter case, an average spill
rate was determined by assuming that all of the fuel tanks in the designated

area released their fuel within a 30-second period.

Fuel line leakage is significantly affected by the operation of boost
pumps. If the pump power source is turned off prior to the crash, spillage
would be the result of gravity drain through a scvered fuel line. For use in
the subsequent analyses, minimum leakage was established by assuming one
broken line only, fed by gravity or siphon action. Maximum leakage assumed
a¢ll fuel lines in the area were broken with all boost pumps operating when
applicable.

Table 16 provides a summary of leak rates and quantities which were
adopted to represent the Lﬂz-fueled aircraft in the analyses of Scenarios 1,
2, 3, and 4 described in the following sections. The fucl quantitics listed
in the table for Scenario 4 represent the amounts of hydrogen assumed to
remain in the aircraft after, in the first case, a ¢rash following taxi,
take-~off, and climb to about 1.8 km (6000 rt). The seccond value listed is
tor the situation where the aircraft has flown its design mission and iy
near its destination when it crashes with only a little more than reserve
fuel on board,
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TABLE 16, - CRASIH SLTUATION AND FUEL SPALLAGE YOR LU

~FUELED AIRCRAFT

2
ngsmu
Hate Quantity
Situetion Damagn (kgfaec.) {ky)
Scenario 1 Alrcraft at rost, Small interngl 1nak, Crucked weld on tenk 049 1,000
Scenarlo 2 Aircraft stopped by fmpact at Engine soparation or fuselago line broak. 12,600
=40 kts. Rodlol spill. e Boost Pumps Off 0.5
o Boost Pumps On 23
Tank punctured or ripped. a00
Scenario 3 Damape occurs at = 120 kts. Long _ )
axiol spill as gircraft dacelerates {Same s Scenario 2)
Scenario 4 Catestrophic crash. Large radial spill, | Al tanks ruptured, ] 2 12'?88

Corresponding leakage rates and spill quantitics for the other fuels woere

arbitrarily assumed to be in the ratios of the fucl quantities tanked, viz.,

69,040

25,600 .

84,780
25,600

2.7 for LCHQ. and

3.3 for Jet A and JPp-4,
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4. COMPULER MODRELS AND METHODOLOGY

The computer models and methodology used to calculate the spread,
vaporization, and dispersion of spilled aircraft fuels into the atmosphere
are provided in this Section. Tor & fuel leak within the alrcraft, a method
is provided for calculating the required air purge rate in the compartment
to reduce the air/fuel mixture ratio below its flammable limit. Finally, a
thermal model 1s described for calculating heat transfer rates and tempera-
tures of an aircraft fuselage (both external and internal) that is exposed
to flames from spilled liquid fuel.

4,1 Atrcraft Fuel Liquid Spill, Spreading and Vaporization Models

An analytical model was initially developed to solve for the liquid
spill, spreading and vaporization processes that would occur following the
rupture of aircraft tanks or lines. Two nmodels were developed, one for axial
gpread of the liquid perpendicular to the direction of aircraft motion, and
the other for radial spread of the liquid from a fixed aircraft position. A
flat, horizontal spill surface was assumed, and no dikes or boundaries were
present to limit the extent of the liquid spread. Concrete and soil (with
10% moisture) were the two spill surfaces considered in these programs.

These models are applicable to all liquids, including the cryogenic fuels
and the conventional petroleum-based fuels considered in this study.

The liquid spreading and vaporization processes werc modelled using open
channel, hydraulic flow methods ~f analysis., In this analysis, no combustion
is assumed to occur over the 1iqhid spill and spread. and hence the unburned
fuel vapors will disperse into the atmosphere. Applying both congervation ot
mass and horizontal momentum, two partial differential equations are obtained
which define the liquid flow, as shown below for the axifal spreading model

cage:
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OF POt
Conservation of Mass:
i i) -‘)V!
ug 1 Ox t vE =0 (1)
I . e P . ,
Conservation of Momentun: d(ﬁv) + (V) + gh 2é-4~i-VlVl- 0 (2)
it R % 2

whare

t = time from the start of the upill

E
]

axial distance from the center of the spill line

V = mean horizontal velocity of the liquid flow

fag
n

liquid flow depth

acceleration of gravity

VE = rate of fall of still liquid surface, due to evaporation, etc.

£

Fanning friction factor for open channel flow

These partial differential equations were then converted to ordinary
differential equations with respect to time, using the method of characteristics,
as presented in Reference (18). These ordinary differential equations are
then grouped in terms of the positive and negative characterisitcs of the
%%-slope. as shown below:

dv db £
6dt+ hdt+>\vE va+5 VIv|=0
Positive
characteristic (3)
-c.‘.’-‘..-v-f)\
dt
dv dé f
6dt Adt - RVE va +-§ Vivi= 0
Negative
d characteristic (4)
X
TV

where A » £ ./gd = wave velocity.
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Computer aolutions of the above diffarential equations were then proprammed
for a Univac 1100 computor, using an explicit speeifled time interval method
of solutien, similar to Scetion 15,4 of Reference (18),

In the above formulations, only the evaporation torp V., and the f{riction

L
factor £ ave dependent on fluid properties. Lhe cvaporation term VE repre-

sonts the vute of fall of a stdl?! liquid surface due to cvaporation, boiling,
or seepage of liquid into suil, ete. lor cryogenic liquid boiling on a sur-

face, the evaporation term VE can be found from the following relationship,

V. - _.._.ﬂ_._._ (5)

where

P, = liquid density

L
hfs w latent heat of vaporization

q" = heat rate per unit area from the solid surface

The transient heat flux q" from a semi-infinite spill surface can be predicted
from Section 13~3 of Reference (19). For an initial time period, this heat
rate is limited by the boiling burn-out heat flux of the spilled cryogenic
liquid. After that, the heat flux depends on the solid surface thermal pro-
perties, and varies inversely with the square-root of time t.

The term f represents a Fanning friction factor for open channel flow,
derived from Section 4.2 of Reference (20), which must be expressed in the
following form,

e gs , 125 1171
NE = o4 logy, ['1% * Re :T’f'] (6)

where a 6
ds - (6?537?3) = length parameter defining surface roughness.

n = Manning's roughness coefficient, see References (20), (21), etc.
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45VpL
Re = L " Reynolds number of the flow

by, ™ liquid viscosity

The firat term in the logarithm bracket represents the effect of surface
roughness, while the second represents the effects of {low Reynolds numbar

for turbulent flows, The Fanning friction factor for laminar flow, f = 16/Re,
was only used for low Reynolds number flows, where the laminar flow f exceeded
the above turbulent flow f value. Hence, the flow friction factor and shear
stress were defined for the full range of surface roughnesses and flow Reynolds
numbers.

In order to make a time integration of the characteristic differential
equations, the beoundary and initial conditions must be specified., Figure 13
shows the inlet flow voundary and initial conditions at the splill location.
Two inlet boundary conditions are possible, depending on whether the Froude
number ratioc of inlet velocity to wave velocity is less or greater than unity.
At the initial time t = 0, the spill surface is completely dry, while the ini-
tial inlet Froude number must be 21,0,

The advancing free leading edge boundary condition is presented on Fig-
ure 14, With Froude number Fr =21.0 at the advancing leading edge of the flow,
this fluid boundary cannct influence the method of characteristics solution
interior to the liquid flow body. The total time derivatives of the depth &
and the flow per unit width (4V) were obtained from the partial differential
equations, and expressed in terms of partial derivatives with respect to
distance x. These equations both follow the characteristic valocity'%%-' Vv,
which is the velveity of the advancing leading edge.

A final boundary condition, that involving receding free liquid edges in
the final stages of fluid flow and vaporization, is shown on Figure 15. At a
receding liquid edge, both the liquid depth & and velocity V are zero, and the
momentum effects are small. The edge will recede due to vaporization, and the
location of the edge can be computed by conservation of mass in the triangular
wedge shaped edge elements. Receding edges can develop at a leading edge that
stops advancing, or at the liquid inlet position, x = 0, after the inlet liquid
flow has ceased.
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® Inlet conditions, at X = 0, depend upon the inlet flow froude number.

LA A
R VoF

For sub-critical inlet flow, with FR < 1.0:
== Only the inlet liquid flowrate can be specified

— Tha inlet velocity and depth are variables, and are computed
in combination with the method of characteristics.

® For super-critical inlet flow, with FR > 1.0:

— Both the inlet flowrate and velacity head must be specified

— The inlet velocity and depth are fixed and independent of
the liquid flow fiald at X > 0

® The initial liquid intet flow must be one of these conditions:
= Critical flow, Fr= 1.0

— Super-critical flow, Fr >= 1.0

Figure 13. - Inlaet flow boundary couditions.
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® Fraudo nuinbor #8072 1.0 at the advancing lending ocdgs,

® Conserving mass and momentum, the purtial ditforontial oguations are usng

to form this leading edge model:

db b 08 dléVv) 08

rrem— ] . 4 V e R -VB - - LI ¥

dt dt HE Ux o x

d{bv) dlbv HEERY f : . L 0 (bv
“ ’4.\/ e L v|v'....9,, (5\;441.{)‘!) PRV (ov)

dt Ot o 2 ox 2 %
dx
— eV,

L.eading edye velocity
dt

® For FR 221.0, the advancing leading edge does not influence the method of characteristics solution

in the lignid body.
b )

t+ 4t ]
| G ——

Figure 14. - Advancing leading cdge boundary condition.
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® Flow conditions at a receding liquid adge:
v =0
6= 0.
® Momentum effects small at receding liquid edge
® Contoervation of mas is used to compute liquid edye location, hased on:

= Triangular wedge shape of iiquid volume near the edge

— Average flowrate and vaporization ot wedge during At time step

<
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figure 15. - Receding free edge boundary condition.
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Computer programs were daveloped and run for both the axial spreading
model presented above and for a similar radial liquid &p111, spreading and
vaporization model. Even though some cases have bacn run successafully on both
programf, mest canes run on thesge proprams hiave shown computational dnastabili-
tles. This problem appears at the free edge boundarics, and it 1s apparencly
due to the finite differencing techniques needed to match the edge boundary
conditions to the characteristic solution in the liquid pool. Many diffovent
approaches have been tried to solve this problem, but none have been successiul
to date.,

Two stably computed runs, with LH2 spllling on a concrete runway, are
presented for an axial spread, figure 16, and for a radial spread, figure 17,
The axial spread resulted from a 900 kg/sec spill of hydrogen occurring from
an aircraft skidding along the runway at 120 knots. Figure 16 shows the axial
extent of the spread x measured perpendicular to the spill center line as a
function of time t at one spot on the runway. The outer curve (square-dots)
shows the advancing outer edge of the spread out to where it stops and starts
to recede as the liquid evaporates. The inner receding edge {circle-dots)
starts with dry-up near the center at t = 9 seconds and then recedes out to

a final dry-up at x = 5 meters and t = 11.5 seconds.

Figure 17 shows the results of a 108 kg radial spill of LHZ' which occurs
over a 10 second time span at a fixed position. The center dries up soon
after the flow ceases, while the final dry-up occurs 2t r = 4 meters and
t = 17 seconds. For both the radial and axial flow cases, central dry-up may
or may not occur, depending on the central liquid depth, the liquid inlet flow

momentun, the rate of vaporizatiom, etec.

For comparison, the results of simple constant depth slab evaporation
models are plotted as dashed lines on figures 16 and 17, based upon the work
of Fay, reference 22. These Fay models assume the leading edge Froude number
is = 1,4, eince V = \Zgd, and hence they overpredict the spread of the lead-
ing edge, by up to = 20%. Vaporization stops instantaneously with these con-
stant depth models, and the wider liquid spread yields a faster dry-up time,
by up to = 40%, Based upon these and other comparisons, it appears that the
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Axial sproad madal, L. = 1, M = 1, ZN = 0,016, W2 = 12600.000, H1 = 0.000,
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Figure 16. - Axial spread model comparison with Fay model.
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Figure 17. - Radial epread model comparison with Fay model.
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Fay models can predict the oxtent and time of the liqu.d spread within the
limits presented above, With the Fay models, the maximum rate of evaporation
accurs when the liquid firet reaches its point of maximum spread, and this

rate may be up to = 30% greater than the computer model resulss,

Because of our inability to make more than a few stable runms with the
splll, spreading and vaporization computer programs, it was finally decided
to usc slab models to predict the behavior of the Scenario spills in this

.l i e A

‘ study. Based upon similar approvaches as Fay, reference (22), slab spreading
t models were derived which predict the maximum extent of the spread, the time
y to reach the maximum extent, and the maximum rate of vaporization from the
i liquid spread at this time. These models were developed for an instantaneous
] axial spill at one location along the spill centerline, and for both an in-
stantaneous and a continuous radial spill at a fixed location on the spill

P surface.

The instantaneous axial spill corresponds to a spread at a fixed point,
perpendicular to the spill centerline velocity of the aircraft. The following
Fay medel ¢quations were derived for this instantaneous axial spill and spread.

n
.
r
F
l
3, 2
— Q' /2 5
} X = )3, ¥28 | (JE)
m 3 VE 2
, (1)
e o Lid
| X
i . VE o
¥ N
' L 2pL VE Xm
where
X = maximum half axial spread, from spill centerline
tm = time to maximum axial spread
| ‘é = maximum mass rate of vaporization per unit spill length,
Q; = volume of liquid spill per unit of spill centerline length,
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The Fay model equatlons for an Instantancous radial spill at one location

on the spill surface ave given below.

YL
o fe (L) ®
™ l 37V T A s

4 rmz 1/3
tn ™ 0.7 3g V

where
L a maximum radius of che spread from the center.

Qo e« total volume of the liquid spilled

mE = maximum rate of vaporization from the liquid spread.
For a continuous (steady-
experessions were obtained for a slab spreading model,

4 b
Q
m A

flow) radial spill at a fixed location, the following

. 2
”) " Vi Py

where

r, = maximus radius of the spread (also the stcady-state radius)

Qo e volume rate of the liquid spill
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The above Fay models for predicting the maximum extent, time, and
vaporization rate for the various spill types are most applicable when the
8t11l rate of liquid fall due to evaporation, VE' has a constant value, If
the term VE varies with distance and time, as it does with vaporization due to
conduction heat transfer from the base surface, then care must be used in
applying these models. In this case, an average heat flux must be used for
the extent of the spread at the maximum time, and a trial and error solution
is required to match this average heat flux to the assumed liquid vaporization
rates. Hence, these Fay models only provide an estimate of the liquid spill
performance, but they do allow comparisons of different liquids as to types
and scale of the spreading and vaporization.

For the radial spreads, the instantaneous model was used for spill times
smaller than the maximum spread time, while the continuous model was used for
all other cases. In this study, axial spills were only computed with the air-

craft in motion so only an instantaneous spill model was needed to predict
this spill performance.

4.2 Aircraft Fuel Gaseous Dispersion Model

An aircraft fuel gaseous dispersion model (AFGASDM) was designed to pre-
dict the position and fuel vapor concentration at any time after the spill is
on the ground and until the vapor concentration drops below the lowest flam-
mable concentration.

Although the literature contains complex grid models using the partial

differential equation~ of motion and conservation (reference 23) and traditional

gaussian dispersion models (reference 24), none of these were suitable to solve
the problem of aircraft fuel spills. This new, innovative model was developed
on basic physical principles and knowledge of turbulent entrainment (refer-
ence 25). The gaussian models are unsuitable because they compute concentra-
tions based on averaging times of at least 10 minutes, a requirement set by the
empirical development of the Pasquill-Gifford diffusion coefficients (refer-
ence 26). NASA spills of liquid hydrogen indicated dispersion times of less
than 1 minute (13), The complex grid models are unsuitable because they re-
quire implemention on large computers like the Ccay-1 and each run of such

models costs many thcusands of dollars.
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The approach described here was designed to pradict the spatial position
of the gaseous fuel at each second in time as the liquid fuel vaporizes. The
concern 1s the maximm distance downwind and maximum height above the apill at

which the gas 1s flammable. The lowest detonable concentration is higher than

the lowest flammable concentration, hence the maximum distance of detonable
gas is less than the maximum distance of flammable gns. One second was
choscn as a convenient interval of time to repeat the computations of energy,
mass and momentum conservation. The model can easily be adjusted for any
other interval of time. For the cases reported here, much smaller time
intervals are expected to increase the computing cost without appreciable
increase in accuracy of the predictions, while much larger time intervals
are expected to reduce the accuracy and resolution of the predictiong., The
accuracy 1is defined as the closeness with which the model can predict the
measured results of field experiments. The resolution is the difference in

predicted results the model can compute for cases with different input
conditions.,

The model can be run repetitively for each 1 second "puff" of gaseous
fuel that vaporizes from the liquid. For economy of computer time and cost,
only the largest puff is followed by the model for the present work., This
1-second-long puff 1s largest when the liquid epill has its maximum area and
the liquid vaporization rate is highest, All other puffs travel smaller dis-

tances before the gaseous fuel concentration is dispersed below the lowest
flammable concentration.

An important aspect of this puff model is that the "observer" travels
with the puff in a Lagrang’an coordinate system whose origin 1s the center of
the puff volume, Ambient air is turbulently entrained into the puff through
the sides and part of the top end bottom. The behavior of this turbulent
entrainment 1s taken from the similac appearing turbulent dynamics of cumulus
clouds. The gaseous hydrogen dynamics in the NASA White Sands experiments
were marked with cloud water druplets and observed in movies and in trans-
parencies supplied by NASA.
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The propartion of puff top and bottom availlable for entrainment ie
determined by the oscent angle of the puff. There are other puffs before and
after the largeat putf tracked by the model. If the ascent is vertical, then
no part of the top or bottom is an entrainment surface. If the puff motlon
1s horizontal along the ground, then part of the top but nons of the bottom
18 avalleble for entrainment.

After all the conservation equations are solved, the resulting accelera-~
tion and velocity determine the vertical and horizontal displacement of the
puff center in a set of Eulerian (fixed) coordinates with the origin at the
center of the top surface of the liquid spill pool.

The model is designed to handle four fuels: hydrogen, methane, Jet A
and JP-4. The initiation of the model is the maximum liquid fuel area and
evaporation rate. The evaporation rate is the depth of 1iquid lost per unit
time to vaporization. The initial temperature of the gaseous hydrogen or
methane is set at the boiling point at ambient pressure. The model is cur-
rently designed to accept an input ground elevation of meaen sea level. The
model can easily be adjusted for any other ground elevation.

The initial puff horizontal geometry is set equal to the liquid spill
geometry. In Scenarios 2 and 4, the hypothetical aircraft is at rest and the
liquid spill is circular. In Scenario 3, the aircraft is spilling liquid fuel
while decelerating from 120 knots, heading into the wind. These Scenario 3
spills are axial and the model is developed on a unit length of 1 meter down
the runway. We assume that every other unit length will have similar gaseous
puffs arising from the liquid. 1In the axial spills, the puff tracked by the
model has other puffs in front and in back, as well as on top and underneath.
This geometry of adjacent puffs is important to modeling the entraimment of
ambient air because no entrainment is assumed across interfaces with adjacent
puffs, This assumption is equivalent to assuming the properties of adjacent
puffs are close enough tc those of the tracked puff that mixing across the

interface would change no properties being conserved,

For each Scenario, a model of the liquid spreading and vaporization
dynamics (see previous Section) is used to provide the liquid evaporation
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rate and the spill maximum radiuvs oxr maximum axial width, the critical input
variables for the diaporsion model,

Othier input variables are the atmospharic stability, wind speed at
10 meters, surface temperature and relative humidity. ‘the surface temperature
1s used as the initial tempaerature of the Jet A and JP-4 spillas. The relative
humidity is assumed constant throughout the layer in which the gaseous fuel
puffs are entraining ambient air. %This layer is no deeper than 782 meters in
the Scenarios. The wind speed 1s assumed to have a power law profile of the
form:

u(z) = u(z,) (:—)P (10)

o

where

2, = reference heipght above ground

u(zo) = wind speed at reference height
p = power law exponent.

The reference haight is the meteorological standard height of 10 meters. The
power law exponent is set equal to 0.2 based on field measurements in a neu-
trally stable atmosphere. The wind speed at the reference height is set by
the model user only for a neutral atmosphere. It is congtrained to reasonable
values selected for the other five stability categories. The six categories
are labeled A through F, with A being the most unstable and F being the most
stable (reference 26). The reference height wind speeds in meters per second
are given in table 17.

The temperature profile is different for each stebility, decreasing with
height moet rapidly for stability category A and increcasing most rapidly for
category F. The stability is chosen by the model user for the mixing layer,
assumed here to be the lowest 200 meters of the atmosphere, above which the

atabilicy 1s assumed to be neutral.
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TABLE 17. - ATMOSPUERIC STABILITY CONDITIONS

s -

Referonce
Stability Class Haight
Wind Spead Lapse
Letter Numbur {m/sne) Rate {K/km)
A 1 2 40
B 2 3 ~30
c 3 b -20
0 4 Any -10 *
E § 3 0
F 6 2 +10
|

The puff to be tracked with the model is defined when the liquid spill
achieves maximum area. For liquid hydrogen or methane, the vaporization

during the first second determines the vertical thickness of the puff. The

mass of fuel vaporized is given by:
mf = Epg Ag At or Epe AQ (1-0 Sec)

where

m, = masg of gaseous fuel in puff (g)
E = evaporation rate (m/sec)
Py = density of liquid fuel (g/ma)

AB = maximum area of liquid (mz)

The rapid vaporization rate of the cryogenic fuels is our justification for
assuming the initial puff is pure gaseous fuel, not yet containing ambient aiy
to be turbulently entrained. Hence, the volume of this puff is given by:

Ve mf/pg

V= puff volume (m3)

[ ksl - il e

(11)

(12)
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Pg = denaity of gaseous fuel at 1 atmosphere preasure
and boiling point temperature (g/ma)

and 1ts thickness ig:

Azp - V/Ap (13)

where Azp ™ vertical thickness of puff (m),

For circular spills, the radius ig the horizontal measure of the total puff.
For axial spills, the down runway length of the spill is many times larger
than the transverse spill width, hence the puff is given a unit length of

1 meter.

The initial puff above Jet A or JP-4 is not pure gaseous fuel because the
saturation vapor pressure of these fuels is small. In order to make the disg~
persion of gaseous fuel above these conventional fuels comparable with the
dispersien of the gaseous cryogenic fuels, an initial puff thickness is set
at 7 cm, roughly the thickness of initial 1 second long puffs above the cryo-
genic liquide. The conventional fuels evaporate into a slab of ambient air
brought over the liquid at the wind speed for mid puff height for the length
of time it takes to cross the 1iquid in the up runway direction. If the re-
sulting gaseous fuel concentration reaches saturation, then the saturation vapor
Pressure determines the concentration. If the initial concentration is smaller
than the lowest flammable concentration, then no model run is made.

Once the initial puff is defined in shape, temperature, and gaseous fuel
concentration, dispersion begins by the entrainment of ambient air and overall
motion of the puff. The puff of a gaseous c¢ryogenic fuel starts at the boiling
point of the cryogenic liquid, much colder than its surroundings. The puff of

conventional gaseous fuel 1s assumed to always have the same temperature as the
surroundings,

Modeling the turbulent entrainment is the critical part. Early computa-
tions demonstrated that molecular diffusion of haat, mass or momentum was
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arders of magnitude smaller than turbulent diffusion. This finding was
supported by the movias of the NASA White Sands hydrogen spllls, where the
vigorous turbulence was marked visually by the motion of condensed water drop-
lets,  The model accounts for two possible contributions to the entrainment
velocity, the rate at which ambilent air penctrates the puff-air interface nox-
mal to the surface, The first contribution is proportional to the relative
velocity between the overall puff and the alr around ic:

9 0.5
u, = 0.124 [w + (u(zp)-up)] (14)
where
u = first term of entrainment velocity (m/s)
w = vertical ascent velocity of puff (m/s)
u(zp) = horizontal wind speed at height of puff center (m/s)

u, = horizontal velocity of puff (m/s).

The constant (0.124) was taken directly from reference 25. In the vertical
direction the puff is moving through quiescent air, while in the horizontal
plane the wind is moving air past the puff. The puff is dragged along by
the wind through the process of entraining air, subject to the conservation
of horizontal momentum. Horizontal momentum must be conserved because there
is no net horizontal force applied to the ambient air system surrounding the

puff.

The second contribution to the aentrainment velocity only applies to the
cryogenic fuels. It is based on the vigorous mixing induced just above the
1iquid surface by the high boiling (vaporization) rate. This term is given
by:

u, = E(pglpg) v, /v (15)
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wherao

u, = second term of entrainment veloeity (m/a)
V, = initial volume of puff (m3)
= evaporction vate (m/s)

This second term was made proportionsl to the evaporation rate, The ratlo of
densitics gives the voluma expansivn of a unit mass of cryogenic Jiquid am it
vaporizes. The puff volume ratin reduces the influence of this term as the
puff grows and moves away from the liquid asurface.

The sum of the two terws gives the total entralmment veloeity:

ue = ul + u, (16)

where

u, = entrainment velocity (m/s).

The entrainment velccity is multiplied by the time increment (1 second) and

the entrainment surface of the puff to get the volume of air entrained into
the puff each second:

V =y At A (17
e e e
where

at = time increment (sec.)

Ae “ entrainment area of puff.

The entrainment area of the puff is less than the total area of the puff. 1The

entrainment area is the sum of the puff side area and the exposed parts of the
puff top and bottom:

Ae - As + AT + A (18)
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whare
Aa = entraining silde arca of puff (m2)

' A, ™ entratnlng tep arwea of puff (mz)

» and Au = ontralning bottom avea ef puff (m2)

l Only 1f the puff rises from the growud can ehe bottom he gxposed Lo turbulent
| entradiment of gurrounding aily. The top of the pult da partially exponed {or
antrainment except 1f L6 vises stratght up,  For a elvewlar spllls
]
*i A=Az (L) 2% r(v) (19)
8 p
}-—-
: 2 ‘ _ .
| Ap = Ay = wro(e) [Ax(e)/2u(1) (20
3
o e () Ax(t)
2
where
r(t) = puff radius (m) as a function of time t
\ Ax(t) = amount of downwind movement of puff center (m).

The ratio Ax(t)/2x(t) gives the proportion of the puff top or bottom exposed
to surrounding air. The other parts of the top or bottom are covered by the

preceding and following puffs. For an axial spill, there are similar re].a_tions:

: As - 2Azp(t) Lx(t;) (21}
- . Ax(t)
Ap = Ay = L (0L (0 505y @2

where
Lx(t) = up runway length of axial puff (m)

Ly(t) = crogswind (cross runway) width of puff (m)
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In the axtial cases, the puff has neighhoring puffs on dts downwind and

upwind
Aides, s well as above and below,

Solving the above equatious fop the antratoment area and entrained volume

of air allowas computation of tha entrained mass:

m, = Vapn<zp) (23)

wheroe
m, = mass () of air entrained duriug a time Inerement
fh(zp) = dengity of air gt height of puff (g/ma)

This entrained mass of air 18 added to the
puff mass.

Equation 11,

exdsting puff mass to get the new
The inicial puff mass for the cryogenic spllls was given by

The initial puff mass for the conventional fuels 1s given by:

VOP (2 Q)M

m - —
R Ta(zpo)

o (24)

where

m = initial puff mass {g)

P = pregsure of atmosphare (dyne/cmz)
z ® initial puff height (m)
Mp = puff molecular weight (g/mole)
universal gas constant (cal/mole K)

Ta ® temperature of ambient air {K)

The puff molecular wvelght

depends on the molecular fractions of gaseous fue)
and ofr:

Mp " Mf F + M‘ (1-F) (2%)
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where

| M fuel molecular welght (g/mole)

My = alr moleeulur weight = 28,9 g/mole

om fuel mole Lractlon

The fuel mole fraction 1is mm output. of the model after the computations for
each time Ineremont:

A
% ma Mf
L (26)
£ a

where

Fo = initial fuel mole fraction
%me = total entrained air mass,

Now the' information derived from the conservation of mass allows application
of the conservation of enthalpy. The entrained enthalpy is given by:

W a—

LI meCpaTa(zp) (27)
whe re
Hu = enthalpy of air entrained during time increment (calories)
Cpa = sgpecific heat capacity of air at constant pressure (calories/g K)
! Ta(zp) = temperature of air at puff height (K).
r Conservation of enthalpy proceeds stepwise for each thermodynamic process

occurring during each time increment. This stepwise solution of the new puff
temperature between each thermodynamic process provides a higher degree of
accuracy in specifying the temperature. The thermodynamic processes that are
' handled in the model are: 1) the heating of the gasecous fuel by the warmer
entrained air, 2) the condensation of water vapor in the entrained air as it
is cooled by the gaseous fuel, 3) the freezing of the water droplets upon
further cooling, 4) the melting of these same frozen hydrometeors later in the
life of the puff, and 5) the evaporation of the water droplets still later.
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Conecelvably the initial eryogenie temperature (20,3 K) of the ligquid
hydrogen can cause atmospherie oxygen to condense at 90 K and nitregen to con-
depse at 78 K, The condensatfion of theae molecules would cause a rapid local
depression in the pressure and collapae of the volume affected., 7The heating
of the cryogenic temperature gaseous fuel to temperaturcs above theso boiling
poluts ie so rapid, a few seconds, that the latent heat released in the con-
densation 1s almost immediately reabsorbed by the subsequent evaporation.

There 1a, hence, no effect on the overall enthalpy conservacion,

Just conaidering the first thermodynamic process, heating the gascoun
fuel and cooling the entrsined air, the intermediate puff temperature is
given by:

n, + 0

T' = (28)
C T m)

P pp T M

where

Té = puff temperature resulting from heating of cryogenic gaseous

fuel (K)

Hp = puff enthalpy before adding air entrained during time increment
(calories)

Cpp = specific heat capacity of puff at constant pressure (calories/g K)

The specific heat capacity of the puff is:

C (T M.I'+ C M (1-1")

) £ p'f paa

C_(r,7 ) =B (29)
M

pp P p

where
CPP(F'TP) = puff spacific heat capacity at constant pressure as a
function of fuel mole fraction and puff temperature {cal/g K)

Cpf(Tp) = gaseous fuel specific heat capacity at constant pressure as

a function of puff temperature (cal/g K)
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In order to compute if water vapor in the entrained alx will condensa, the
water vapor pressura in the ambient air 1e found from

- b/T (2.)
¢ =h 10 [{“ anr }] (30)

where

€ = water vapor pressure in ambicnt aly (millibare)
h = relative humidity in ambient air

a = constant = 9,4051

b = constant = 2353

The saturation water vapor pressure in the puff at tcmperature T; is:

- [a - (b/TI;)] (31)

where

‘%p = saturation water vapor pressure in puff (millibars)

The entrained water vapor will condense if esp < e. If the water vapor

condenses, then the latent heat of condensation will provide enthalpy to
further warm the puff:

He + "p + m, Lw

Tp" - - (32)
¢ _(F,T +m Y}
pp( 'Tp) (mp e
where
Tp" = intermediate puff temperature after condensation (K)
m, ™ water vapor mass in entrained air (g)
Lw = latent heat of water vapor condensation (cal/g)
79




Note the similarity of this equation with (28). The water vapor mass entrained
and available for condensation 1&;

- *
m, ™ @ Ve Mw/R Ta

whare

Mw = molecular weight of water (g/mole)

The condensation of entrained water vapor leads to a test of the inter-
mediate puff temparature Tp" in order to see if it is low enough to induce
freezing of the water droplets. If Tp"<f253 K, the droplets are assumed to
freeze. This temperature is chosen as a compromise between 233 K, when all
liquid water will freeze, and 273 K, when water with many impurities will
freeze. The presence of ice nuclei in the atmosphere will encourage the
freezing process, facilitating its occurrence at a higher temperature within
the range of 233 K to 273 K. There 1s no need to put this nuclei dependence
in the model because the required input information does not relate directly

to the aircraft fuel questions of interest here. Again, the puff temperature
is recomputed, using the relation:

H +H +m_ (L +1L1Y)
TIH - ce ([‘ gj') V(? : m )W (33)
P pp- tp /M T Mg

where

Té" = intermediate puff temperature after fugion (K)

L& = latent heat of fusion of water (cal/g).

The conservation of enthalpy part of the model also keeps track of the malting
of frozen hydrometeors and the evaporation of condensed water droplets later in
the dispersion of the puff vhen it becomes sufficiently warm. The frozen
hydrometeors are melted when the temperature of the puff rises above 273 K and
the condensed water droplets evaporate when e < esp. The temperature after
these processes is Tp"".
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At the end of the conservation of enthalpy computations, the {inal puff
temparature is used to compute the puff density from:

p(z M
» — D
f’p R¥% Tp"" (31')

The new volume of the puff is given by:

mp(t) + me(t)
pp(t)

Ve

The new linear dimensions of the puff are computed from the new volume assuming
the previous ratlos of the linear dimensions are preserved. YFor a circular
spill,

. az'
T i
p ‘
4 1 2 1
viws n(r") Azp (37)
' o ry' 1/3
r (nAz') (38)
p
and Az; = Azp(r‘lr) (39)
where
r' = new puff radius (m)
Azl; » new puff thickness {m)
v' = new puff volume (ma).
Similarly, for an axial spill,
L L,
AL - X (40)
L L
y x
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Az; L;
:;;L ol (41)
P X
vVi= L'L' Az (42)
Xy n
L, = (v'1 2/1 az V3 (43)
%X ® YT T p
1 = 1
LY 1.y (Lx/Lx) (44)
Az{) - Aap(Lx/Lx) (45)

where the primed variables are the new linear dimensions as a result of the

puff expansion with entrained air.

The next part of the model computes the mass motion of the puff. The
buoyancy acceleration determines both the vertical motion of the puff and its
level of turbulence. Telford (reference 25) found that three-fourths of the
buoyancy potential energy resulted in turbulence in cumulus clouds and the
remaining one-fourth resulted in vertical motion. Therefore, the net vertical

acceleration of the puff is

A= -i-(ﬁ -1) g (46)

where

A = net upward acceleration of puff (m/az)
g = acceleration of gravity (m/sz)

The net buoyant acceleration provides the impulse that must equal the
change in vertical momentum according to Newton's Second Law of Motion. The
impulse is the net upward force times the time increment. The initia) ver-

tical momentum ir the puff mass times the beginning vertical velocity while

82

e




the final vertical momentum is the combined mass of puff and entrained air
times the final vertical veloeity:

m A At + w' o«
b - (mp ma) mpw

Rearrvanging, we solve for the final vertical velocity:

m
p
! - . — .
w (w + A At) P (47)
P @
where
w' 18 final vertical velocity after the net acceleration A has acted
on the puff during the time increment (m/s).
The new vertical position of the puff is found from
w!' +w
z' m2z2 o+ |=— At 48
U (2 ) (48

The computation of the new horizontal position in response to the drag of the
wind must also take into account conservation of horizontal momentum because

there is no net horizontal force on the puff/air system. Hence,

' -
u (mpup tm,ou (zp))/(mb + me) (49)
where
u; = qnew horizontal puff velocity after entraining air during time
increment (m/s)
and
1] ]
= x4+ +
* X, ((up up)/Z At (50)
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The overall ascent angle of the puff relative to its starting point in

computed from
- tan"l(z /%) (51)
LI

cuce the new vertical position of the puff is computed with (48), the puff
tewperature is covvected by the dry adiabatic cooling it experfonces as the
anbient pressure drops during ascent.  The corrected puff temperature ist

1
I l‘(zp - zp) (52)

where
Tp = final puff temperature corrected for adiabatic cooling of ascent (K)

" = dry adiabatic lapse rate of the atmosphere (K/m).

The dry adiabatic lapse rate is used here because any release of latent heat
from the condensation of water vapor has already been handled in the computa-
tion of puff temperature during the conservation of enthalpy. The lapse rate
of the atmosphere is set in the lowest 200 meter layer for each stability

claszs as shown in table 17.

The lapse rate for class D (neutral stability) ie set equal to the dry
adiabatic value. The equal increments between classes is assumed for con~

venience, but the sequence is in the correct order with the correct sign.

4.3 Vapor Purge Model

This section describes a vapor purge model to be used with Scenario 1,
small-scale liquid spills into fuselage or wiug compartments within the air-
craft. These small-scale liquid leaks are asstmed to be continuous, and they
may occur from either fuel tanks or fuel lines into adjacent fuselage or wing
structural compartments. These compartments are assumed to have liquid drain
holes at their bottoms, so that liquid pooling should not occur in the com-
partment volume. In order to reduce the hazard of combustion, it is desirable
to purge the combustible vapors from these compartments at a rate that would

maintain the vapor concentration below combustible limits. This purge could
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be accomplished with ram alr flow through the various compartments during
{lighr, or with pumped atr purge 1f the alreraft 16 on the ground. The
oblective of thin section 1s te develop some simple wmodels that will predict

the required alr purge rates su g function of the assumed fuel leakage rates,

For the eryogenie liquids, with small-scale leaks into compartments above
the botlling polnt tomperature, complote vaporization of the liquid fuel ghould
aceur at the leakage rate.  lxeept in the immediate vicindty of the 1.quid
leak, the purge alr rate required to keep the compartment volume below the
minimum combustible limit of the fuel volume ratio or mele fraction ratio,

Ypin® SO0 be expressed as a volume flowrate ratilo:

-

A 1
-_e— = "1 (53)
VF (ymin )

where
V= volumetric flowrate at atmospheric temperature and pressure.
Ydn ® minimum combustible mole fraction of fuel in the air.
Subscripts: F refers to fuel and A refers te air.
The above equation can be converted to a mass flowrate ratio by multiplying
by the appropriate molecular weight ratio.

A ( } )ﬂ‘l (54)
M \Vn "1 M

where

m = mass flowrate of fuel vapor or air.
M = molecular weight of fuel vapor or air.

Valucs greater than or equa) to the above limiting flowrate ratios will ensure
a noncombustible mixture in the bulk of the compartment. If the 1iquid does
not completely vaporize and some drains from the compartment, then the above
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from the flames,

purge alr flowrates will be conservative, However, there will alwayn he a

cambuaitible mixture 4n the immediate viciniey of the eryoganic 11quid phase,

For the conventional petraleun-based fuels, the purge aly flow requive-

ment du mueh move difficyle fo catlmate.  Fov example, for Jet A the fuel

vapor pressure is leas than atmospherie, a0 the fue! vapor muat diffuse throwgh

a boundary layer inte the purge air flow,

This heat and mass transfox proeeus
1s a4 function of comparement geomety

y and flow condicions, the avea of liquid
vaporization, the temparature and pressura levelws, ete. Because of limita 4n
study resources, it wag decided not to attempt to mode) and
purge requirements with the conventional fuels.
alrflow requirements for the lower vapor pr

will be less than for leaks of the highly v

solve for alr
Ganerally speaking, purgu
essure convantional airveraft fuels
olatile cryogenic fuels,

4.4 Heat Transfar Analysis in Adreraft Fuel Fipes

This section is concerned with an aireraft mishap or crash that will
result 4n a large-scale fuel 8pil) with combustion o
intact fuselage cebin.

partially imbedded in

ceurring adjacent to an
The closed fuselage is assumed to be completely or
Bome large-scale pool burning fiames., The objactive of
this section is to develop & heat transfer model that could b
the time required either to breach the fuselage cabin or to
threatening internal cabin conditions for the passengers.,

e uged to predict
create life

In this study, the Lockheed L~1011 fusclag
tutive model of the fuselage cabin of a long-
cussed in sceqtion 3.3,2

¢ design was used as a represen-
range subsonic aircraft, As dig-
» Tigure 8 prosented g crogs section and view of the
fuselage cabin design, while figure 9 111y

strated o typical cross section of the
fuselage skin and stringers,

the fiborglass ivsulation, and the interfor honey-
comb side panel,

Bused upon this figure 9 cross section, a thermal model of tho fuse

ldgu
side-wall wag developed to

ompuie the Lransient temperatures of this c¢ross
section to flame heating absorbed on the outer fuselage skin,

The fuselage
skin and stringers w

are combined as the outer thermal node, absorbing heat

while the internal honeycomb side panel node exchanged heat
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by frea conveetion with an air nede in the cabin. The fiberglass inasulation
was represented by four thermal nodes in series, with conduction resistance
between them,  Hoth thermal raddation and free conveetion heat transfer wasy
modeled dn the aly gaps on each atde of the Fiberglass dnsulation.  An explicit
solution of the nede temperatures as a functlon of time was then solved on o

digitn) computer for a range of absorbed heat rates on the funalape skin.

A cabin window csaembly aud eross sectlon was shown on fipure 10,  Three
plastic window panes are prosent, which should have radlacion transmission
propurties similar to glass. A therma) model of the window panes was not
developed, however, bocause it would have required development of the gpeetral
wavelength digtribution of the various flames and modeling of the wavelength-
dependent radiation transmission and absorption of the window panaa. ‘The
task was considered to be beyond study resources and schedule limitations and
not of the importance to justify deleting other tasks.

Detailed thermal modeling of the windows and the flame heat sources would
vield an estimate of the radiation heat flux transmitted through the windows
and the time required for the various fuel flames to breach the windows. Thetre
is an obvious hazard to passengers posed by radiation heat transfer through
the windows, plus the susceptability of the plastic windows to melt long before
the aluminum structure of the cabin wall. However, a simple solution to the
problem is to provide heat resistant window shades with a reflactive coating
on the outside surface. In event of a crash in which {ire results, passengers
exposed to high radiation heat flux would thercby have a means of protecting
themselves.
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8. ANALYSTS OF CRASH SCENARTOS

The results of the analyses for all four fucls arc presented here for
the Internal leak (Scenario 1); the Mquid apdll apreading and vaporization
which oceurs In Scenarios 2, 4 and 43 the gascous dispersion into the atmo-
sphere assoclated with Scenarios 2, 3 and 4 and the heat tvansfer rates and

the effects of 1iquid pool fires aurrounding an intact fuselage.

5.1 Small Internal Leak Results - Scenarlo 1

For the small internal fuel leaks of Scenario 1, leakage 18 assumed to
occur from the fuel ctanks or fuel lines into fuselage or wing compartments
within the aireraft. The leaks might be due to cracks developing in welds or
Jolnts of the fuel system, and they could develop either in flight or on the
ground. Thesze small fuel leaks will then vaporize in the structural compart-
ments, and may create a combustible fuel vapor/air mixture throughout the
vompartment. 1f an ignition source were present, an explosion could result
that would severely damage the aircraft,

Running a purge alr flow through compartments critical for fuel leaks
and/or lgnition sources is a way to reduce the fire and explosion hazard,
The purge air flowrate is set so that the fuel vapor/air mixture is maintained
below the lower combustible limit of the fuel. lence, only a small reglon
near the liquid fuel will be combustible, with an adequate purge air flow
through the compartment. Normally, fuselage or wing compartments which are
susceptable to fuel leaks have drains holes at their bottoms to allow any

nonevaporated liquid fuel to drain from the compartment,

The 11quid fuel spill rates which were established for congideration in
Scenario | for LHy 8pills are tabulated below:
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venwa pi

1A~ 1,0 x 1079 ke /A
= 1,0 x 107 ks
- 1,0 % 1077 kp/s

Theoe wme amall leakage vaten were nlae weed or the other fuels (en
amd Jet A) analyzed dn thin wtudy,

v AM=h

The purge oty low vequirvementn fay the above Tuel deakape rates weye |
computed unlng the purpe alr model prevented dn Sectdon 4.9, This mode)
nasumes chat all the fue?l leakage vaportzen, mad computes an aly low chat
will mointafn the fue) vapor wole fraction, Yadn® b ov below the mindmu
combustible lmit In most of the compartment volume, The vewules of this
antlysis, for the four fuele, are shown on table 18, where the adr flowrate
to fuel leakape race ratdo is computed to keep the compartment volume in o
non-~combustible state.

For small=scale leaks of the bolling arvopente furle, “he ngsumpelon of
complete fuel evaporation is pood, aud the computed flowrate vatio will e
needed to obtain a noncombustible mixture, For example, for LHQ. o tuel
leskage rvate in the range of 104 to 102 ke/s would require a purge alr fiowe
rate in the range of 3.45 x 10™2 to 3.45 kg/s resvectively, to obtaiu o sife
gas mixcure., lYor the conventional fuels, the aituotion s more complex, since
fuel vaporization can only occur by diffu.ion inte the atir atream, The liguid
fuel may or may not completelv vaporase, It iu a coupice problem to ana-
lyze, involving 11quid aveas and finw grrometry, vapce owd alr pressures,
temperature, and vapor mass Mffusion nto the air flow, The table 18 air-
to~fuel flow ratios for the corventicaal fuels are comservative gloce it s
aasumed that all o) the fuel lerk vaporizes, For either JP=4 or Jet A leaking
at a flowrate ef 1.0 & 10°¢ kp/s, an air flcwrate of aboutr 0,29 kg/a will

yield 4 noncotbustible a8 miriure ir the compartment,

For the low vapor piressure, nonvolastle fur (s, a certain temperature
uust be pregent b .fore a conburiible vapor/air mixtu.e con exint, cven with
ne alr flow., ¥or Jet A (kerusine) vaporizing into a cne atmosphere aiy

pressure, o temperaturs of 311 ) K (100°Y) 1y required for a eomhusiible
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TARLE 18, ~ AIR FLOW TO FUEL LEAKAGE RATLOS FOR NON-~COMBUSTIRLE CGASES

r\"--._ Fu.l ;

f
Parpmeter LH, LGCH, Jpa Jot A !
M, Molaculor W, 2016 16.04 132 1G8
Yyuine Nor-Combustiblo -~ 0.04 < 0.00 + 0,008 - 0.008

Male Fraction

m
-,W:}. Air To Fual Flow Ratio 23486, = 94.3 297,24 986

From Section 4.3:

b ]

Ymin

where

Mp = Molecular Weight of Air = 28,97 g/g male

vapor/air mixture wich y20,006, To obtain a combustible mixture with the

more volatile JP-4 (gasoline) in sea level air, a lower temperature of 2237.8 K
(=329F) would yleld the combustible mole fractions y20.008. Hence, for the
less volatile conventional fuels, the temperature and air pressure may detor-

mine if an air purge flow is required for a compartment,

In conclusion, the purge air requirements for a boiling cryog c fuel
leak in an aircraft compartment are more severe than for a less volatile con-
ventional fiwel. The purge air requirements for LH2 are an order of magnitude
higher than for the same I.Cll4 leakage rate. The conventional fuecls evaporate
by diffusion, and purge air may not be necegsary to maintaln a noncombustible
mixture i1f the fuel vapor pressure 1g low enoupgh, Even if the conventional
fuel leak completely vaporized, the alr purge rate {s leds for the hipgher
molecular welght conventional fuels. Hence, the problems of fuel leaks into
aircraft compartments are more scvere with the cryogenic fuels, but they

should be relatively safe with purge air flows which are rcasonably obtainable.
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5.2 Liquid Spill, Spreading, and Vaporization Results for
Scenarios 2, 3 and 4

A.2,1 Scenurio 2 ~ Radial mpills, =~ Tn the Scenario 2 spills, liquid flows
from eithexr a fuel tank or fuel line onto a fixed positfon on the base surface,
resulting in a radlal liquid spread. The liquld hydropen (Luz) apillls were

supplied from a single 12,600 kg capacity tank. Threa representative Scenario 2

spill rates were specified, as tabulated below:
24 - 0.5 kg/s, line leak due to gravity flow.
2B -~ 2.3 kg/s, line leak due to pumped flow,
2C - 900 kg/s, leak due to tank puncture.

Both the Scenario 2A and ZB leakage rates are small; hence these leaks appear
continuous with spill times > 1.0 hour unless appropriate shut-off valves are
cloged by the flight crew. The Scenario 2C spill occurs over a l4-second tiwe
span, and this may approach an instantaneous spill depending on the liquid
spread and vaporization time.

In this study, the liquid methane (LCHA) tank loadings and spill rates
were taken as 2.7 times those given for LH2 above. Tor the conventional fuels
(JP-4 and Jet A), the tank loadings and spill rates were fixed at 3.3 times
those chosen for LHz. Hence, the spill times are the same for all of the
fuels considered in this Scenario, which effectively compares fuel leaks

based upon the same degree of damage for each of the tuels considered.

For the Scenario 2 spills, the maximum radius of spread, L the earliest
time of the maximum spread, € and the maximum rate of liquid evaporation,
mEVAP' were all calculated based upon the Fay models for radial spread pre-
sented near the end of Section 4,1, Usually, an iterative solution of these
three parameters is required, to match the liquid evaporation rate to the
average of a variable heat flux occurring to the liquid pool, In this case,
the Scenaric 2A and 2B cases were computed using the continuous radial spill
equations while Scenario 2C was solved using the instantaneous radial spill
relations of the Fay model.

9
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Two apill apreading, and vaperization conditions were eonsldered in thia

and the remaining Scenarios. The firat condition conatdered was clther
| boiling vaporization due te heat tranafer from the base surface for the
eryogenic liquids, or constant temparature vaporization controlled by vapor
diffusion into the atmosphere for the conventional fuels, No burning was
assumed to occur above the liquid prol for this condition; hence, the extent
of spread and the fuel vaporization rates computed here formed the input data
for the Vapor Dispersion Models presented in Sectfon 4.2. Tor this and the
3 remaining Scenarxios, concrete was chosen as the spill surface, with a sea
e level atmosphere pressure at 297 K (75°F) temperature and a 2 m/s wind con-
] dition. For the cryogenic liquids, a variable heat flux was congidered from
the base surface, while the vaporizaton rate of the conventional fuels was |
considered constant, based upon a large scale 100 meter liquid spread with a

2 m/s wind blowing over it,

The second condition considered was the spill, spreading and vaporization
of the liquid fuels with pool burning occurring above the liquid spread. With :
ignition at the start of the spill, radiation from the flames would be the
major source of heat to a large-scale liquid fuel pool. Table 19 shows the
radiant heat flux q; expected to large-scale spills and the rate of liquid

drop V. “‘ue tc boiling at this heat flux for the various fuels considered,

These gata are based upon the flame temperatures T, and the flame emissivities
€5 presented by the A. D. Little, Inc. representatives at the oral presentations
held at NASA-Lewis on September 2, 1981. For the cryogenic liquids, this ver-
tically downward radiant heat flux for the equilibrium flame temperature would
be completely absorbed by the liquid or base surface, and would result in
vaporization of thesc boiling liquids. For the conventional fuels, this radi-
ant heat flux would first increase the liquid temperature, which would also
transfer heat to the base surface, and finally the boiling temperature would

be reached. A detailed transient mase and heat flow analysis would be required

| to estimate the time and extent of the conventional fuel spreads with pool

T gy e TR TR — T —

burning above them. Hence, these calculations were only made for the spreading
| of the cryogenic boiling liquids with pool burning flames above.
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TARLE 19, ~ RXPECTED RADIANT HEAT FLUX FROM VARIOUS FLAMES

Fual 7 ”mn.an__vmm“ VfwwrﬁﬂgF k&;&z o .mﬁj .
LH, 1700, 0.4 189.4 60x 103
LCH, 1400, 0.8 229.6 11x10d
Jp-4 1140, 09 1.7 26104
Jot A 1100. 08 M1 26 x 10

NOTE: TVhe tempersture T and emissivity ¢ of these flames are based upon the A.D, Little, Inc. combustion
analysls presentad at tho NASA-Lewis oral prasontations, Sept 2, 1981,

The results of the spreading and vaporization solutions with no burning
are shown on table 20. Tor the cryogenic liquids, the radius ro and time tm
to evaporate the LH2 spllls are less than those for LCHQ. Vaporization of
the conventional fuels requires much larger radii and times, although the
more volatile JP~4 (gasoline) is considerably faster than the less volatile
Jet A (kerosine) fuel., Scenarios 2A and 2B, which used the continuous radial
spill model, show the same rate of vaporization as the spill rate m. Sce-
nario 2C, which uses the instantaneous radial spill equations, shows a lower
maximum vaporization rate than the spill rate which occurred during the

14 second spill duration.

Table 21 shows the results of spreading and vaporization solutions for
the cryogenic fuels with pool burning flames above. Once again, the extent
and times of che LH2 8pills are less than those “or LCHA, especially for the
larger rate Scenario 2C spill, Comparing these solutions with flames to
those without flames, table 20 shows that burning decreases the radius and
time of the spread, while incveasing the maximum rate of vaporization for
the instantanecous Scenaric 2C spill.

Hence, for the range of radial spills considered here, the cryogenic
liquids would evaporate much faster, with less radial spread, than the con-

ventional fuels. Comparing the high rate Scenarlo 2C spills with no flames,
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TABLE 20, ~ SCENARIO 2, RADIAL SPILJ,, SPREADING AND
VAPORIZATION, NO FLAMES,

_— B R (et SR T
Sconaria m i a, a, Ve Fin ty Mevap
..JEZEEH_UW_ kg. 7 kp/enc m3 _ mshu  Ifsec _m sue kac
2A,LH2 12,600 0.5 117.8 0.00M1 25x10°3 1.0 1.8 0.5
2B, LHy 12,600 2.3 117.8 0.0324 25 %1073 20 3.0 2.3
2C, LH, 12,600 900 1ne | 1270 26x10% {35 2 | 630
2A, LCHy 34,398 1.37 81.13 0.0032 80x104 1.3 3.6 1.37
28, LCHy 34,398 6.28 81.13 0.0148 4.0x10% 34 8.0 6.28
2C, LCH, 34,398 2,457 81.13 5,785 L1x 109 61 17 550
2A, P4 42,210 1.68 54.12 0.0021 2.0x 106 18.5 143 1.68
2B, JP4 42,210 N 64.12 0.00%9 2.0 x 108 40 237 wmm
2C, JP4 2,210 3,015 54.12 3.869 2.0 x 108 143 785 100
2A, Jet A 42,210 1.68 54.12 0.0021 7.0x 108 93 1,330 1.68
2B, Jet A 42,210 .1 54,12 0.0099 7.0x 108 212 2,220 wm
2C, Jet A 42,210 3,015 54.12 3,865 7.0 x 108 kK| 4,180 18.8

the LH2 would completely vaporize in 32 seconds, compared to an LCH vapori-
zation time of =117 seconds, while the maximum hydrogen radius is approxi-
mately half that for methane. Burning above these cryogenic fuels decreases
both the radii and times of the s8pills by comparable ratios for both IH2 and
LCH4. The noburning vaporization times of the conventional fuels may scem
short, but it should be remembered that these models have a completely flat
surface, with no small-scale liquid pools. Although we did not solve spread-
ing of the conventional fuels with flames above, a burning Jet A, Scenario 2¢

8pill might last for approximately an hour based on aircraft crash experience,
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TABLE 21, - SCENARIO 2, RADIAL SPILL, SPRUADING AND
VAPORIZATION, FLAMES AROVE

Sconarly m ";: Qg ” 0y VQ; . .U7H;—ﬁ. t gy AP |
Nu., Fuel ki ,“h“ m m3/s0c 7 mh“w“_u_mm“mm)ﬁm“__ﬂ"“ a
24, LH, 12,600 06 | 1ws | ooon 60x10% | 06 1.0 0.
26, LHy 12,600 23 | 178 | oosa | eoxiwd | 13 17 2.3
2C, LK, 12,600 900 ne | 2w 60x10% | 26 15 ay0

2, LCH, | 34,398 137 | e113 | 00082 11103 10 25 1.37
26, LCH, | 34,398 628 | 8113 | 00148 uxwd |2 a1 6.28
2C,LCH, | 34388 2,467 8113 | 5795 Lix10d | 3 38 1Mo |

The largest Jet A aircraft spill (the Tenerife crash of two fully tanked 747s
on March 27, 1977) burned for more than 10 hours.

5.2.2 Scenario 3 - Axial spills. - For the Scenario 3 spills, liquid flows

from either a fuel tank or fuel line onto the base surface while the aircraft
decelerates from a velocity of 61.7 m/s (120 knots) along the spill line.

The tank loadings and leakage rates are exactly the same as those used for
the Scenario 2 spills. The axial spread considered was a one-dimensional
epread perpendicular to the spill line. With the high aircraft velocity,

VA’ a constant rate of spill will yleld a near instantaneous spill of Qé
(volume per unit length of spill line) at a fixed position along the spill
1ine. Neglecting the velocity along the spill line, this instantaneous spill
will then create a unit width spread, out perpendiculur from both sides of
the spill centerline., In this model, the axial dtstance, x, will be half the
full spread disteace, measured perpendicularly from the spill center line to
vne edge of the axial spread. Based upon the TFay model equations for
instantaneous axial spills presented in Section 4.1, the maximum axial half=-

spread distance, LY the earliest time of the maximum spread, tm; and the
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maximum rate of evaporation per wntit width of apread, f' were ealewlated,

LIVAD
The same methods of solution and hoth the burning and non~burning conditions
were computed for the Scenactio 3 spills, as was done for Scenario 2, Vor
Scenarlo 3, only an instantaneous axial splll moedel was required, consideriug

the alrcraft veloclty.

The results of the axial spreading and vaporization solutions with no
burning are shown on table 2%, while those with pool burning above the liquid
spread are given in table 23, 7Tt should be noticed that the low apill rates
of Scenarios 3A and B yleld very short axial sprends, X Considering the
high aircraft velocity, VA = 61.7 m/a, the liquid would actually spray upon
falling and/or striking the spill surface. This would tend to increase the
extent of the spread and decrease the time to complete evaporation comparod
to those values presented in the tables. This instantaneous axial spread
model best simulates the high splll rate cases, such as Scenarlo 3C, where the

one~dimensional axial spread extends for a considerable distance.

Generally speaking, the same observations made for the Scenario 2 spill
data pertains here. The extent and time of the maximum spreads increase in
this order: LHZ’ LCHQ, JP=~4 and Jet A, the order of decreasing volatility.
As expected, flames above the liquid splll decrease the time and extent of

the vaporization, whi~h occurs at an increased rate.

In conclusion, a fuel spill from a moving aircraft distributes the liquid
along a long spill line. The spread perpendicular to this line is then
shorter in distance and time than for a fixed location radial spill, For
ermple, the Scenario 3C, Lll2 8p1ll with no flame extends 864 meters down and
6.2 meters on each side of the spill line, with the aircraft moving 61.7 m/s.
The total time of spill along the spill line length is 14 seconds, while the
evaporation time at any point aloug the spill line is =13 seconds. In com-
parison, the Scenario 2C, an radial spill with no burning, had a maximum
radial spread of 33 meters and required =32 seconds to evaporate. Hence, the
aircraft motion in the axial spills increases the surface area of the spread,
which substantially decreases the time required for evaporation at any loca~
tion along the spill line.
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TABLE 22, ~ AXIAL SPILL, SPREADING AND VAPORLZATTON, NO VFLAMER

Scunario N i Qq (1A Vi Xm | ""'l;'W\I'
No., Fuel ky kgy/sne md m3/m m/see m s0e kg/msoe:

N FUVEV S ————— IR ——

3A, LHy 12,600 05 | nza | umxot [ 2600 | 00 07 | 002
36, LH, 12,600 23 | e | sasxwd | 26x003 | 0w 13 | 006

3C, LM, 12,600 909 1M7.8 0.2058 25 x 107 6.2 12.9 221

[

9 38, LCH, | 34,398 628 | 8113 | 240x10% [ 10x103 0.16 15 | 0134

3C, LCHy 34,398 2,457 81.13 | 0.0938 23x 104 10 4 1.95

A, JP4 42,210 1.68 5412 | 348x10% | 20x108 0.6 29 0.0018

53 0.0046

o

38, JP-4 42,210 7.1 5412 | 160x10% | 20x1F 1.

ic, 4 42,210 3,06 5412 | 0.0626 20x 108 53 580 0.165

3A, Jet A 42,210 1.68 6412 | 3.48x10° 7.0x 108 23 217 0.00026
38, Jet A 42,210 m 5412 | 1.60x 104 2.0x 108 6.6 400 0.00062

3C, Jet A 42,210 3,05 54.12 | 0.0628 7.0x 108 203 4,330 0.0221

Initial aircraft velocity along the spill line, V AT 61.73 m/sec (120 knots)

5.2.3 Scenaric 4 - Radial spills, catastrophic crash, = The Scenarioc 4

spills are the result of a nonsurvivable crash of the aircraft, in which all
of the tanks rupture and spill instantaneously, resulting in an assumed radial

F 3A,LCH, | 34,208 17 | s3] s2zxw® | 1ox108 0.06 08 | 0.064
".
.'
y
F
F
)
l

spreading and vaporization of the liquid fuel. Scenario 4A represents a

.i crash shortly after takeoff, where the nearly full tank loadings would be
landing, with an instantaneous spill of =10% of the tntal tank capacity.

r spilled instantaneously, while Scenario 4B simulates a crash Just before
)
n
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TARLE 23, ~ AXIAL SPILL, SBPREADING AND VAPORIZATION | FLAMES AROVE

Sconarin * m “"]rm’ i, m] Vi X T "&VM'

ﬂ'ilﬂ N ku | ka.f_sml:__” ma ” m3/m nfsee i s kq/imk:
A, LH, 12,600 05 b e uawoe? | woxw?® | oo | oa 0.002
36, Li, 12,600 23 | 1g [v26x10" | 6ox1g? 092 | o7 0.104
3¢, LH, 12,600 500 176 | 0.2066 Gox10Y | 44 7.1 374
3A, LCH, | 34,398 137 | oenms [s22x00% | nax10d | oos | os 0.055
38, LCH, | 34,398 628 | 813 [240x10% | 1ax1d 015 | 14 0.137
3, LCH, | 34,398 2,087 8113 | 0.0939 1ix103 65 | 18, 484
Initial aircraft velacity alony the spilf line, Va = 61.73 mfsec (120 knuts),

The total fuel spillage for 4A for an wias 21,600 kg. and the same wedght

ratios as used in Scenardos 2 and 3 were used here for the various fuels.

Since all these spills are instantaneous, the Fay model equatious for
instantaneous radial spills presented near the end of Becetion 4.1 were uséd
in this analysis, The maximum radius of the spread, r *he varliecst time
of the maximum spread, tm; and the maximum rate of vaporization, mHVAP, wore
computed for both the conditions of no flames and pool burning flames above
the liquid spreads. These data are presented in table 24 for the no=hurning,

condition and in table 25 for the liquid pool burning ¢ undltion,

Once again, these data show the same ranking of the fuels relative to
the radial extent of the sprecad and time for vaporization as occurred for
the Scenarle 2 radial spillg. .ith no flames, the maximum Scenario AA spills
would find a maximum radius of 49 meters und a vaporfzation time of 99 second:
for LH2, compared te 77 meters and 140 seconds Tor LCHh. With tlames above
the liquid spill, a 37-meter maximum radlous and a 22 sceond vaporizatton time
is predicted for LHz, compared to 43 meters and 43 seconds for LCHA, when the

maximum Scenario 4A spill 18 considered, The extent of apread and time of
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TARLE 24,

SCENARLO 4, RADIAL SPITL, SPREADING AND

VAPORIZATLON, NO FLAMES

L R
Sconario m Ih Uy iM Vg m 4, iy Ap
Ne., Fual ky kafsoe nd m3/sue m/see n m:: kdxuu
A, LHy | 21,600 w | 30474 19x 10" 4 3@ | 1000
48, LH, 2,160 30.474 251673 26 18 210
4A,LCHy | 8,808 w 139,00 " 10210 n 140 700
4B, LCH, 5,890 o 13.808 w 15x 104 20 64 170
aA, P-4 72,360 N 92.77 » 20x10°¢ 176 896 1650
4B, JP-4 7,236 w 9.277 N 2.0 x 106 7 606 26.8
4A, JotA | 72,360 ® 92,77 - 2.0 x 108 406 | 4,290 28.2
4B, Jot A 7,236 @ 9.277 w 72.0x108 M | 2,690 6.02
TABLE 25. - SCENARIO 4, RADIAL SPILL, SPREADING AND
VAPORIZATION, FLAMES ABOVE
Scenario m m ﬂn ﬁu VE m tl"l"l mEVAP
No., Fuel kg kg/sec md m3/sec m/sec m soc kg/sec
48, LH, 21,600 » 304.74 w 6.0x103 37 22 1,830
4a, LH, 2,160 © 30.474 o 60 x 103 18 12 330
aALCH, | 58,968 o 139,08 « 11x103 a3 a3 2,660
4B, LCH, 6,896 « 13.908 . 11x103 18 24 456
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vaparizatlion for rhe Seenarlo A4 conventfonal fuel apills 18 greater than
thore above far the no flape condieton, table 24, and Sfor {he flame conddtion,
where expertenee shows burn tdmes groater chan an owr as representative of
Seenardo AA upl1la of Tet A,

The above predicclons of Seenarlos 2 throuph 4 api1ls have shown that
the extent of noread amd time of vapartzation 1a much lens for the crvopeniy
fuels than the couventional fuela, 1n hoth the burndng and no durndng con-
ditlon,  Comparing the eryopenie fuels, the exteut of the spromd for LH2 can
bu down to half as far, while the ovaporation time can be one~fourth to one-
half that of LCHA. llence, from the standpoint of minimum liquid spread and
fast evaporation, liquid hydrogen is the safest fuel, presenting least hazard

to the surroundings in event of a crash.

5.3 CGascous Dispersion Results for Scenarios 2, 3 and 4

A complete listing of the gascous dispersilon results (for LHz, LCHQ. and
JP=4 fuels) for Scenarios 2, 3, and 4 48 given in Appendix A, A summary ¢f the
results 1s presented in table 26, The significance of the results are dig-

cussed in this Sectilon.

Scenario 2A is a small circular spill. The final time, downwind distance,
and height above ground are listed for the different fuels in table 26 for
comparison. The listing for the LH2 case in Appendix A shows that both the
buoyancy acceleration (column 5), and vertical speed of the puff rise from
zero to maximum and then decrease. The overall angle of ascent is about
30, The firat entrainment speed (u1 in column 10) also increases from
zero to a maximum before decreasing, following its dependence on the relative
velocity between the puff and the surrounding alr. The second entrainment
spead (uB in column 1) decreases monotonically after its initial maximum
because the volume dilution quickly reduces the creation of turbulence by the
vigorous evaporation rate. The puff radius and thickuness increase mono-

tonlcally as the puff continually entrains air.

The next two sheets in Appendix A, a plot and liating for the methane
cage for Scenaric 2A, show the LCH4 puff lasts almost twice as long as the
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TARLE 26, ~ GASKEOUS DISPERSTON SUMMARY Fon SCENARTON 2, % AND 4

Downwind Huight
Final Time Distanee Abive Ground
Renaurio Funl {surcons) (mater) (mutera)

A I.II2 30 b 20

2A TP 44 42 b

2A Jra 206 03 0.0%

2u L, 42 80 52

M LCHa 122 43 "

2u Jir4 942 (16 min) 397 0.0¢

2 LH, 146 an 874

20 LClla 1,624 (27 min) FAK! 12

2C 4.4 11,736 {3.26 hr) G.816 0.09

3A LH, 16 2 7

3A LCI!4 n 10 1

JA JP-4 412 321 0.23

38 LH, 21 3 12

38 LCH, 20 18 2

3B JP-4 38 (9 min} 420 0.23

ac LH, 30 a1 23

ac LCH, 40 ] 1

3C JP-4 216 142 0.14

4A LHZ 173 612 782 |
aA LUH4 1,998 {33 min) 85,

4A 4 17,318 (4.8 h) 0.4 km 83

48 LH, 19 320 399

48 LCH4 831 (14 min} 404 45
48 P-4 3,211 {54 min} t.6km 0.07
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hydrogen cane and tyavels along the gremd for most of ate 1ifoblme,  As
antratoment coutiunes, the Indedal nepative huayaney becomen sl ighidy poctledve
ad 1ifen the puff a few meters of £ the ground,  ‘the Viutiap aliown iow
entvadument dooa pot ocewr through the bottom of the puff when 16 traveln

along the ground.  The general belavior of ancending hydvopen puf T amd growm-
level travel of methane puffa prodictad hy the model 18 supported by the

1iquid hydrogen tests conductod at White Sands (13) and the liguid nacural

gan tedts conducted at China Lake (14).

The next plot and listing in Appendix A show how the JP-4 in Secarto 24
never rises off the ground because of 1its negative buoyaney. Tt travels
slowly for a long time baecause it hups the ground where the wind speed 1w
very low. TIn fact, the power law wind profile requires that b siad epeoed
go to zero right at the surface, a boundary condition ie.-l)y .rposed fn all
fluid flow models that have friction at the walls., T.ere 1s also no contri-
bution to entrainment from the second term because it is computed only it '
there is a vigorous evaporation raie. There 1s no mixing of air through the
bottom surface becausa the JP-4 hugs the ground in stable air. The second
line for time cqual to 1 second in the Appendix A listing for JP-4 shows a
slight decrease in the puff radius and half thickness before these puff
dimensions monotonically increase. The initial decrease is not real, but
results from computational error in the program. This error is small enough

to neglect in assessing the model results.

Therc are no plots or listings for any Jet A cases because no flammable
concentrativn is ever produced when the surface temperature is 294 K (70°1).
Ouly if the surface temperature is increased to at least 314 to 322 K (105 -
120°F) can a flammable councentration be produced from the increased evapora-

tion rate.

The results for Scenario 2B (for hydrogen) in Appondix A show how a
bigger spill increases the trajectory time, dimensions (also see table 26),
and ascent angle., The JP~4 puff for Scenario 2B lasts 16 minutes as 4t hups,

the ground and slowly moves almost 400 meters.
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The Seenarie 2C for hydrogen shows the puff moving 575 meters above
ground during o downwind travel of 411 meters, TIn ecomparison, the methme
in Beenardo 2C travels along the gromd 713 meters and doesn't ger of £ the
ground cxeept briefly just hefore 1t dilutes to 1ts lowest flammable concen-
ration. Iu the llsting for this case in Appendix A the ascent angle of 85°
at the cne sccond time xesults from the vertical expansion of the pufi before
it starte moving downwind.

The JP~4 case for Scenurio 2C shows that vapor from a large (143 m radius)
spill of conventional fuel can theorctically move a long distance (6.8 km)
downwind close to the ground fer a long time (over 3 hours)., In reality, the
J¥-4 vapor would disperse morc quickly when it moved off the downwind end of
the ruaway, which probably won't be louger than about 4 km (13,126 feet).

On an airport the trajectory of the flammable gaseous fuels in all cases
would move towards incoming aircraft, Safety considerations would dictate
that measures must be taken to prevent any aircraft from flylng, or trying to
land, through a cloud (many puffs) of any flammable gaseous fuel,

For the axial geometry Scenarios 3A, 3B, and 3C, the model follows a puff
emanating from a spill of 1 meter unit axial length. The spill rates in
Scenarios 34 and 3B are small enough to allow an aircrait to spill fuel over
the entire length of runway. This might amount to 4000 unit spills, each
starting with a l-meter length, following each other downwind. In addition,
for each unit length of spill there will be puffs that precede and follow
this largest puff being tracked by the model,

Data for the hydrogen case for Scenario 4A in Appendix A shows the
fiammable puff moving off the ground in 20 seconds after spreading to 54,2 m
radius, It persists for 173 sec. and during that time rises to 782 meters
above ground before being diluted tc less than 4 percent hydrogen. The rapld
rise rate means the vapor c¢loud from a hydrogen spi1ll will unot endanger
persons or property in the surrounding area in event of a catastrophilc crash
of a Lil2 fueled airplane. On the other hand, the methane in Scenario 4A
moves along the ground for more than one~half hour to cover 851 meters, and
it only rises off the ground during the last 1 to 2 minutes, The JP-4 gas
puff could theoretically move 10.4 km downwind along the ground in almost
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A hours,  However, after 4 km at most, 1 would move off the end of the runway

Therefore, the boundary conditions will probably
change dramatteally, Invaltdating theso computed dlstanc
lowever, the potential exlsre for the £lammab]l e

onto grass, water, ate.

o8 and travel clme.

JU-4 cloud to move off alrpore
propecty onto the land of other swuers,

Plots of the movement and size of the puffs for cac
Presented 1n Llgures 18 and 19,

h of the fuels are
Iigure 18 shows altitude versus drift dis-
tance with indications of elapsed time marked on the path of eacl of the

fuels. TFlgure 19 {1lustrates the growth of the puff
of time for all three fuels.

diameter as a function

The hydrogen case for
stabilivy class,

Scenario 4A was also run with each atmospheric
As shown in table 27, from data in Appendix A, the puff

and traveled furthest downwind in the least time with stability
clasdses 3 and 4 (C and D),

clagses and sty effect prob

roge least

The wind speed was at the maximum 5 m/s for hoth

ably outweighed the effect of temperature profile,
determined by the iapse rate.

The effect of relative humidity on the Scenario 4A LI

9 spill can be
seen in the bottom part of table 27,

More water vapor reduces the travel
time and downwind distance monotonically but the maximum height i achieved

by a puff rising through air with 50% relative humidity,

5.4 Heat Transfer to the Passenger Cabin
Congider an aircraft crash with a fuel spill beneath and flames around

the fuselage, but with an intact and closed passenger cabin, For the various

fuels considered in this study, what time period would be required for the

flames to breach the cabin, or create a life threatening environment for the

passengers in the cabin?  In Section 4.4, a thermal model was desceribed to

transient temperaturcs through the fusel
section,  The objective of this g

compute the age cabin wall cross
cction 18 to present results of an analysls

of this cabin wall model to estimate the survivabllity time for passengers

instde the fuselape cabin lmbedded in the flames of various fuels,

In order to compare the various fuels, the heat absorbed on the fuselage
skin from the adjacent flames must he estimated,

A large scale fuel apil}
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Figure 1B. = Altitude vs. drift distance for flammable puffs of liquid
hydrogen, liquid methane, and JP-4 (Scenario 4A, wind
speed = 2 m/s).
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Figure 19. ~ Flammable puff diameter vs time for 1iquid hydrogen, liquid
methane, and JP=-4 (Scenario 4A, wind speed = 2 m/s).




TABLE 27, - GABEOUS DISPERSION RESULTS FOR DIFFERENT

ATMOSPHERTC STABILITIES AND RELATIVE HUMIDITIRS

Fugl = Hydrogen, Scenaric 4A

Relatlve Final Downwind Height Wind

Humidity Time Listance Above Ground Spead

Stabllity {%) {saconds) {meoters) {metars) (m/s)
8 50 f73 612 182 2
b 50 148 580 537 3
4 50 119 703 347 8
3 80 118 702 344 5
2 60 163 635 657 3
1 50 186 536 739 2
] 0 267 842 763 2
6 25 222 684 4 2
6 50 173 512 782 2
6 % 161 431 710 2
6 100 138 357 18 2

was assumed which would result in a large scale pool burning,

The fuselage

was assumed to be directly imbedded in t}. flames, go that both radiation

and convection heat transfer occur to the outer surface of the fuselage
skin. The incident radiation heat flux from each of the large scale fuel
flames can be taken from table 1%,

vertical fuselage skin wall to the large scale flames should be ~0.5.

The radiation view factor from the

Al-

though the bare aluminum skin could have a low emisaivity,~ 0,1, a pajinted

8kin or one subjected to corrosive flames could have emiosivitye~0,9, which

was assumed in this analysis.

fuselage skin q‘t'{. is shown on table 28 for the various fuels.

Hence, the absorbed radiant heat flux on the

With flames next to the external fuselage skin, turbulent convection

heat transfer will occur from the hot flames.

The turbulent convection heat
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TARLE 28, -~ ARSORBED FUSELACK SKIN HEAT FLUX IN THE VARIOUS FLAMES

Fusl | 4F ¥R 4 q"
kW kW/m? KW/m? KW/m®
LH, 189.4 6.2 ns 1o
LCH, 229.6 103.3 21.2 130.5
Jp4 4.7 338 18.2 61.8
JETA 4. 38 18.2 51.8

transfer coef[icient, h, opposite the vertical fuselage skin wall, is estimated
as h~23 w/m K (4.0 Btu/hr ftz oR). Using this heat transfer coefficient,
the convective heat flux, qg, to the skin is shown on table 28 for each of
the fuels. The estimated maximum lieat flux absorbed by the skin, q", was

then obtained by adding the absorbed radiant and convective heat fluxes, which
yilelds the data in the last column of table 28,

The transient thermal model of the fueelége cabin wall, briefly described
in Section 4.4, was run over a range of absorbed heat fluxes, q", on the
fuselage skin. The solid curves of figure 20 show the outer fuselage wall
temperature as a function of the absorbed heat fluxes labeled on those curves.
Plotted as dashed lines on the same graph is the temperature response to the
estimated maximum absorbed heat flux q" for each of the fuel flames considered
in table 28. The dotted curve at the bottom of this graph shows the inner

cabin wall temperature, which only rises one or two °C (two to four 01-‘) over
this short time span.

When the aluminum skin and stringer temperatures are in the range of
430°¢C (805° F) to 480% (896° F), the fuselage should collapse due to its own
welght. This fuselage collapse temperature band is shown in figure 20. Based
upon the maximum expected absorbed heat fluxes from the various flames, the
fuselage should collapse after - 40 seconds in a methane flame, and after
~50 seconds in hydrogen flame, and after ~120 seconds in a JP-4 or Jet A
flame. The inner cabin wall temperature barely rises over short time spans,

and hence this temperature is no threat to human survival.
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Figure 20. -~ Outer fuselage wall temperature in flemes.
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To evaluate the possibility of fuselapge collapae in large seale spilld
flamesn, the expected hurning timen for Scenavdo 20, AA and AR radial spdlls
with flames ahove, nn glven In tables 21 and 25 were investipgated, Vor Luz,
the fusaelape collapse time 15 o+ 50 seconds, much greater than the largest
predicted burn time of 22 acconda.  Yor LUHA, the fusgelapge collapse time id
~ 40 nocondn, which 18 comparable to the larpest predicted hurn time of
43 seconds,  Yor elther JP=4 or JEI A, the fuselage collapse time of
~ 120 scconds is much less than the oxpected conventional fucls burn times
of approximately an hour. lence, based upon this study of large scale fires,
the fuselage structure should survive a hydrogen fire, be marpinal for col-
lapse in a methane fire, and should definitely collapse in JP-4 or JIET A

fire about the fuselage.

Although a thermal analysis was not done on the cabin windows, a few
observations should be made. A good fraction of the high radiant heat {lux
from the flames would be transferred through the plastic windows, say ~30 kW/mz.
Since a radiant heat flux of ~10 kW/m2 can cause skin burn within a few seconds
exposure, the passengers would appear to be at risk to radiation burns through
the windows, especially with the cryogenic fuel fires. Although the thermal
capacity of window panes appears to be similar to that of the fuselage wall
croas-section and only 2 fraction of the radiant heating will be absorbed by
the window panes, the softening temperature of these plastic window panes
should be in the range of 90°C (193°F) to 150°C (302°F). This low structural
failure temperature of the window pane materials may niean that flames would
breach the window panes before the fuselage would collapse. Hence, because of
the possibilities of radiation skin burns through the window panes and struc-
tural collapse aue to the low softening temperature of the plastic window
panes, a transient thermal and radiation analysis should be done on the cabin
windows and means of alleviating the high heat flyx (such as reflective coat-

ings on the outside surfaces of the window panes) investigated.
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6.  CONCLUSLONS

Coneluslons roauched as o rvesult of this erash Lire huzard study of varlous
airveraft fuels are as follows:

1. Cryogenic fuels will be carried in fuselage tauks which inhereucly
dre more resistant to damage than is the rest of the fuselage,

2, Fuselage tanks for cryogenie fuels are less sugceptible to dumage
which would result in gpilled fuel than are canks for conventional
fuels which are located in the wing.,

3. Tauks of conventionally-fueled aircraft are vented to the atmosphere;
therefore a combustible mixture can exist inside the tanks., Cryogeaic
fuel tanks are pressurized with gascous fuel. No oxygen is present
within the tanks so there is no fire or explosion hazard. This
represents added safety for cryogenic fuels.

4. The extent of spreading of the liquid fuels, and the time required for
them to vaporize, varies inversely with the volatility of the various
fuels. Ranking the fuels in the order of increasing vaporization time
and extent of spread, for conditions both with and without flames above
the pools, yields the following order: LH2. LCH4. JP-4, JET A.

5. The probability of fire in event of a survivable crash where fuel is

spilled 1s quite high (greater than 80%), regardless of the type of
fuel involved.

6. The ground level hazard to the surrounding community represented by
spilled hydrogen in event of a crash where fire does not immediately
result is dissipated within about 40 scconds in the Worst case
analyzed. Since a flammable cloud rises to a height of about 800 m,
it poses a threat to low flying aircraft for a few ninutes, With
LCH4 the ground level hazard would persist for more than half an hour
and the flammable cloud would be blowm 851 m before it is dissipated,
It therefore poses a substartial threat to people, vehicles, and
structures on the ground ir this area. The cloud of flammable vapor
from the corresponding JP-4 spill never leaves the ground, persists
for 4.8 hours, and theoretically could drift 10.4 km. Jet A and Jh=-4
vaporize by diffusion at the normal ambient temperature condition
analyzed; however, Jet A does not have a high enough vapor pressure
to form a combustible mixture at standard atmospheric conditions,
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fe A fire resulting from erash of a LiIL,~fueled alveraft will e very
Anall dn arca and shovt 1o duc: ten"compared to other fuiels.
Baanengern i WL, adeervaft cian poobahly hont suevive o eranh {1re by
| staying 1n thelrseats aned] the five burnag ont (lenn than 30 seconds
for the worat eane studled)s With all the other fuels a Five would
require hmediate ovaecaatlon of the Fuselage,

e Liguid drain holes and purge alr flow will raduce the hazacd of §ires
cauted by small fuel Leaks Into alreraft compartments for both the
eryopende and conventlonnl fuals.

9.  Conventiounal gaussian dispersion models cannot be used to pradict the
time/space dynamics of gascous hydrogen aud methane originating from
b cryogenic liquids whiclh digperse sometimes in l..s than one minvtae.
Complex, expensive models using the partial differential equations of
motion for a large number of 3-dimensional pgrid cells arce unncces=
surlly detailed and expensives The methodology of a numerical model
developed for thie study to solve the energy, mass and momentum coun-
servation equations for individual puffs of gascous fuel evaporated
from the liquid spill has proved to be very satisfactory. Hach pulf
1s created during a time span of one scecond and Lt 1s followed at
cvery one second Iinterval until it {8 ne lounger flammable. For the
} subject study the model was run on the puff produced by the maximum
evaporation rate from the splll when it has its maximwa arca. Any
other puff can be followed., The model accounts for all thermod ynamic
processes of water vapor phase changes and sensible heat balance.
} Molecular diffusion is negligible compared to turbulent diffusion.
Turbulent entrainment {s modeled on the current understanding of the
} similar turbulent entrainment occuring in cunulus clouds.

10, Considering the spill, spreading, vaporization, dispersion, and burn-
| ing phenomena of these fuels in the subject crash scenarios, liquid
l hydrogen (LH,) fucl appears to offer many advantages when compared to
LCHA, JP=4, or JET A.
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The recommendationg yor Tuture work relacive
posulble alverart tuely

7+ RECOMMENDATIONS FOR FUTUR): WOUK

o liaard comparivons ol

it be divided {nto two categordes; amalytdeal stwdloy

dand exporimental Leses,

6.

701 Analytical Sctudios

Obtadn stable solutions of the method of charvacteristics models ol
the spill, spraading aud vapori{zation programs.  These programs will
Provide more accurats, representative data for the design and
purformance prediction of the consequences ol liquid spllis,

Luclude heat transfor due to surface conduction, flamu radiation and
convection, atmospheric heat and miss convection, and thermal capacicy
effects in the liguid vilpurization model.

Include flow resistance due to boiling in the liquid spreading model
as it may significantly impede a cryogenic liquid sproeading £low,

Calibrate the gaseous dispersion model with

input conditions provided
from NASA supported test g

Pills of liquid hydrogen at White Sands
{(13), Arthur D. Little Co. 8pills of liquid hydrogen in 1958
(reference 12), and the LNG 8pill test program conducted by Lawreuce
Livermore National Laboratory at China Lake (14}, The early calibra-
tion runs against the White Sands gpills are not presented in thig
report because of lack of data on the acturl test conditions, These
calibration ruus are eritical co validatiug the model, although
subjective agreoment already exists between the model predictions

and the movies of the test spllls,

Run the gaseous dispersion model over different
varying from 233K(-40°r) vo 322K (120°F) and surtface vlevations vary-
ing from sca level up to 1.5 km (4922 £t), and wind spueds varylng
from dead calm tov 39 m/s (approximately 60 mph),

surface temporatures

Run the gaseous dispersion model for spills of fuel from storage

tanks that contain much larger masses and have specitic surroundiung
ground topography,
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Fatend the gasivows dbnpersdon woded Lo bandle of her Warding or toads
aubntances Like chlorine, Wydropgen viidoride aml vl ol war nare

Malineta, L

i
Periorm analytdeal atadden o gl capected Tl bempreratie e ol
Plasie emdund vt e of ditberont bl 1 L o8 Vil o swale ndaen o
evicbtdice L hame dimmipe b Bl sl v b e DL v EV NG, Puiaeenipa b
Lo expected erash seenar o,
Duvelop an analy L leal moded Lo preddet e tramsmdt bed sl bapnt heat
Pl ad the ransdent Comperaturen of gl cab b window pages o
evidluabte the lucsards Lo pasiengers vrom Plames ontsbde the fuse Lape,

7.2 Expevimental Tests

More cryogende fucl spll) tests, both burowg aud non-burnduy, would
provide valuable experdence aud dati o vompare agadurt analytical
modely of the spdll spreading, vaporization amd dispersion phenomens.
The analytdeal models can be used to help desipn the tests, o
additdon, burning tests could provide experimental verification of
Plame temporacures and raddfation fluxes from var Lous shae cont lagra
tlong,  The splll tests should duclude both Lavge "instantaneous"
spills, and upilly to simulate pipeline rupture where lony duritions

“are luvolved.

Some Llow friction tests of a boiling cryogenic liguid spreading on )
a4 hot surface should be run to see if the builing phenomena signif-
icantly iwpedes the liquid spread.

Tests of the radiaunt heag transmission, temperacure rise, and
structural failure temperatures should be run on cabin window panes
and typical aireraft fusclage structure to evaluste the passenper
hazards, especially wath cryogondce fuel flames adjacent to the
fuselage.

Crash tests of surplus adreraft with reprosentat ive cryogenjce
tunkage.  This should be done to provide a basis for comparison
with similar tests which have already been conducted by the FAA
using surplus P2 aircraft with covventional fuels.

Demonstrate the cffectiveness of purge systems to ellmdnate fire
hazard in event of onboard fucl leaks, especlally with the cryoguiy
luels,  Also, demonstrate the effectivencss of catelidate gsystems Lo
detect the presence of fuel leaks.
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APTENDLE A

ANALY'LLCAL REGULES OF LHE ALRCRAKT FULL GAHEOUL
BLEPERSLON MODLL

For each of the seenardlos lluted iu cable 29, there 4y a plot of
altitude (4) versus distonce (X) of the wrajectory of the largest puil,  The
timg fn secoudy ut which e gaseous fuel concentratlon drops below fus loweust
flammable liwmit Is plotted at the cud ol the trajectony.  Lach plot shows the
fuel, Lty lowest flammable mole fraction, cireular splll radius or axial
spill width in meters, wind spead at 10 meters helght in meters per second,

gurface temperature In kelvin, and relatdve humidity (dimensiounless),

Luch plot ds followed by a tabular listing of time, dewnwind distance
of puff center, puff tewperature, atmospheric temperature at puff height minus
puff temperature, buoyancy acceleration, puff vertdcal speed, puff height above
ground, overall angle of ascent of puff from starting point, puff volume,
3 entrainment speed torms, gaseous fuel mole fraction in puff, incremental
entrainment volumes through puff sides, top and bottom, radius o. circular

puff, half thickness of puff, and the length and width of an axial puff.

The listing also contains the input conditions: the circular spill
radius or the axial spill width in meters, the fuel, the surface elevation
in meters above sea level, the evaporation rate in meters per sccoud, the
surface temperature in kelvin, the relative humidity, the atmospheric
stability class number, the wind speed at 10 meters above the ground in meters
per second, aud the guseous fuel lower {lammable concentratior expressed as

a mole fructlon,

All scenardios in this report were run at zero surface elevatlon (sea
level) and surface temperature of 294°K. Also, all scenarios except for
exira runs of Scenario 4A w;l.t'u.Lll2 were runt with the most stable atmusphere
(class 6) and 50% relative humidity ( = 0,5).
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Sevourlo

A
A
ZA
2A

20
28
20
28
20
U
2
2C
JA
JA
3A
JA

38
38
38
K}

ic
3c
3c
3
4A
4A
4A
4A

43
44
44
44

TABLYE 29, -

Funl

l.II,
Ll:ll,'
Jit4
Jot A
LHy
LL'.II“
P4
Jut A
LIIZ
LCH,
P4
Jut A

LHy
LEH,
4
Jut A

Lllz
LCHy
P-4
Jut A

I.Hz
LCH,
Jp.4
Jat A

LK 2
LCHy
b4
Jut A

LHz
L.CH,y
JP4
Jet A

Maxhitum
Itadius

() N

1

1.4
LA
94

2
34
40
FaF
RE
41
13
N

CE
1
17%
A

A
29
L]
m

e ou—

Maxtwm
Axinl Width
{m)

014
0.12
118
4.52
0.34
.32
294
11.28
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20
108
406

Lvaporation
lata

tnfal L

2,24 x 10

506 x 1ot
2.00 x 10
2.00x 108

2,60 x 103
a,08x 104
2.00x 108
7.00 x 108
194 x 10°3
RIER
2,00 x 10V
700 00

2.60 % 10°3

106 1073

2.00 x 108
7.00 x 108

2,60 x 1079
9.87 x 104
2.00x 108
7,00 x 10°8

2.61x 193
2.30x 10°%
200 x 100
7.00x 108

194 x 103
1.00 x 10
200 x 100
7.00x 108

2.36x 1073
162 x 10
2.00x 108
7.00 x 10°8

GASREOUL DLSPERGION SCENARIOS ANALYYZED

Conmsenta

No flammunblo concontrativn

Nu flaminalslu cuncentration

No flanimahle cancentration

No flaramahle concentration

No flammably concentration

No flanmmable concantration

No Hammable conceistration

No flammabla concentration
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iy addicion to the above, the last two serien of computey rosules listed

o Appendin A ave For the tollowlng eapes invelving Sconardo 4A with ].ll2
Lueds

® Sl eases, all Ldontdead, oxeopt for varlationn of atmetphoerle
stablllty,  The runs ure bdsted du order of elass ay follows: 6, 5,
4, 3, 2, aud 1,

e Llve cinen, all Ldentleal, wxeept for varlations of relative humidivy,
The runs appear in order; 0, 25, 50, 75 and 100 percent,
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